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tremendous power and usefulness of digital techniques and systems can be 
in a wide variety of applications in the areas of industrial machinery, P ’ 


this field to showcase their talent and meet the current demands of the consumers 
and industries. All these factors have resulted in the growing interest among students 
and faculty members of this subject. 

Developments in the integrated circuits (IC) technology have made it possible 
to fabricate complex digital circuits such as microprocessors, memories, complex 
programmable logic devices (CPLDs), and field programmable gate arrays 
(FPGAs). The emergence of various programmable logic devices has resulted in 
significant changes in the design methodologies of digital systems. Therefore, it is 
essential to have a strong foundation of the basic digital techniques for making 
effective use of automation in digital design. 

About the Book 

This book is suitable for a course in digital electronics and logic design in undergraduate 
engineering disciplines such as electrical, electronics, instrumentation, 
telecommunication, computer science, and information technology. The last four 
chapters of the book will also be useful for postgraduate engineering students pursuing 
courses in electronics and computer science as also to postgraduate students of physics 
specializing in electronics. 

The book presents the basic theory of switching circuits and their applications. 
The availability of various digital functions in ICs has changed the teaching of 
digital electronics from the good old approach of using discrete devices to a new 
approach of using modem digital ICs. This book adopts the new approach. The 
text has been systematically organized and the presentation has been kept at a level 
appropriate for students with the basic knowledge of circuit theory and digital 
electronics. 


Since the study of Boolean algebra helps in analysing and synthesizing switching 
circuits, a complete chapter is dedicated to Boolean algebra. Separate chapters on 
asynchronous and synchronous circuits and K-maps have also been included. 


Chapter 1 introduces the fundamental concepts of logic families and h 

of digital ICs that are used to compare the performance of logic famil * Characte risti Cs 

begins with resistor-transistor logic (RTL), direct coupled transistorT ^ cha Pte r 

diode-transistor logic (DTL), modified diode-transistor logic, trans' 

logic (TTL), emitter coupled logic, integrated injection logic (I2L) 

and ends with the interfacing problems between ICs of the same Jo ' f S ’ 

between those of different logic families to obtain maximum benefits 3mi,les 

Chapter 2 includes the detailed study of different number systems their 
binary arithmetic codes, error detecting codes, and error correcting cocT^' 011, 

Chapter 3 includes Boolean algebra, DeMorgan’s theorems, simplif 
Boolean expression by algebraic method, Karnaugh map method ! 'T' 0 " of 
McCluskey method. ’ n< ^ Q u ine- 

Chapter 4 deals with combinational logic design using MSI circuits u- 
important for the design of digital systems considering the simplicity ini * 
cost, space, power requirement, speed, and other factors * esign ’ 

,he comroi seai ° ns ^ ^ 
machine (ASM) charts reoict ap ' er includes the use of algorithmic state 

description language. VHDL^ 61 language ( RTL )> and covers the hardware 

( R AL), generic array IqgicfGAn ^ ,C (PLA) ' Programmable array logic 
field programmable gate nr r '™ mp,ex Programmable logic device (CPLD), 
application specific integrated FP ° As) ’ Xi,inx XC 9500 CPLD family, and 

,J '“ ,,s<ASICs) - 

Chapter If) presents th m ° n anc * conversion techniques, 
classification, ° f memory organization and operations, 

R °M, SRa M, and Dram ^ ° f mem °ries— RAM, ROM, EPROM, 
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computer modules. Itis ve^importanffor 1 .!!]. 4 evi ees provide complete 
the various digital components encountered designer t0 be familiar with 
constructed by basic electronic componentsTuchas l nt ^ 8ratec * circuil form. It is 
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1.1 INTRODUCTION_ 

Digital logic is concerned with the interconnection among digital components and 
modules. The best known example of a digital system is the general purpose digital 
computer. Most of the digital circuits are constructed on a single chip, which are 
referred to as integrated circuits (IC). Integrated circuits contain a large number 
of interconnected digital circuits within a single small package. 

Small scale integration (SSI) and medium scale integration (MSI) devices provide 
digital functions and large scale integration (LSI) devices provide complete 
computer modules. It is very important for the logic designer to be familiar with 
the various digital components encountered in integrated circuit form. It is 
constructed by basic electronic components such as diodes, transistors, MOSFETs, 
registers, and capacitors. The complex digital functions can be realized using these 
basic electronic components in a variety of forms and each form is referred as a 
logic family. 

Now-a-days digital integrated circuits are most commonly used in modem digital 
systems. ICs are popular due to their enormous advantages, as listed below. 

■ Small in size 

■ Low cost 









1.2 LOGIC FAM IIJES _ 

The set of compatible ICs with the same logic levels and same supply voltages have 
been fabricated to perform the various logic functions known as logic family. Based 
on the fabrication technology, logic families are classified into two types: 

■ Bipolar logic family 

■ Unipolar logic family 

Unipolar logic family 

In unipolar logic families, unipolar devices are the key element. MOSFET (Metal 
Oxide Semiconductor Field Effect Transistor) is a unipolar device, in which the 
current flows because of only one type of charge carriers (that is, either electrons 
or holes). The examples of unipolar families include PMOS, NMOS, and CMOS. 

Bipolar logic family 

Transistors and diodes are bipolar devices, in which the current flows because of 
both the charge carriers (electrons and holes). In bipolar logic families, transistors 
and diodes are used as key elements. On the basis of operations of transistors in 
ICs, bipolar logic families are further classified as: 


■ Saturated bipolar logic families 

■ Unsaturated bipolar logic families 


In saturated bipolar logic families, transistors operate in saturation region. The 
speed of saturated bipolar logic family is low, reasons of which would be discussed 
in forthcoming topics. Examples of saturated bipolar logic families are: 


■ Resistor-transistor logic 

■ Direct coupled transistor logic 

■ Integrated injection logic 

■ Diode-transistor logic 

■ High-threshold logic 

■ transistor-transistor logic 


:£5£3S=S==ss 

■ Schottky transistor-transistor logic 
1 Emitter-coupled logic 
The transistor is one of the k™ . 

imports, applications of the transLorrSi" ^ ° ne of 1 *■ 


In the saturation region, both emitter ana coneciurjui.^.wu, .- 

condition. When transistor is operated in the saturation region, voltage across the 
emitter junction is V BEsal and voltage across emitter and collector terminals is VcEsat- 
The value of V BEsat = 0.8 V for silicon transistor and 0.3 V for germanium transistor. 
The value of V CEsat = 0.2 for silicon transistor and 0.1 V for germanium transistor. 
The condition to operate the transistor in saturation is that the base current should 
be greater than the collector current by )3, that is, [l B > I c lp\- 

The circuit of a transistor working as a switch is shown in Fig. 1.1. 



When input K in applied to the transistor is LOW (0 V), the emitter junction is 
reverse biased, there is no current flowing through the base terminal and the current 
flowing through the collector terminal is reverse saturation current, which is negligible 

By applying KVL to the output loop, 

^cc ~ /c*c - V oul = 0 


In the cut-off region, collector current I c = 0 


Knit - Vcc 


"» “*«■« .anluu 

and the transistor operates in saturation reo'r. the base lermina ' is sufficient 

terminal and there is a considerable voltaoeT CuiTent flows throu g h the collector 
output voltage is V ° ltage dro P across *e collector resistor. And 


"CEsat 


it is referred to as LOWOog^O)'’Tran Sa ) Uratl0n ’ the out P ut is equal to V CEs and 
by the input voltage^ C ^ ' Translstor is cither ON or OFF and it is controlled 










'on { q 

Fig. 1.2 Response of transistor switch for square wave input 

When a transistor switches from OFF to ON state, the charge built up requires 

OFF ' hes,ea f s,a,e condition. Similarly when i, switches from ON to 

tate. the excess charge stored must be removed which takes some time 

*ON = t d + t r 

0.4) 

where t d is delay time and t r is rise time. 

*"*» » “L,!„,! ‘ "" d """*«u« 

'off = //+/, 

where //is fall time and /, is storage time. ^ ' 5) 


JiCHARACTTOSTIOOfOICIMl | Cs 

-fam.iy„ , 

^==i;=r 3 S=£ 3 S,T“ 

Speed of operation P ormanc e of digital fCs: 

* p °wer dissipation 


Operating temperature 


1.4. t Speed of Operation 

The speed of operation of digital ICs should be high. It is specified in terms of 
propagation delay time. It is the average of the propagation delay times from high 
to low state and low to high state. 


(1.6) 


where i P h L is the delay time measured, when output changes from high to low state, 
and r PLH is the delay time measured, when output changes from low to high state 
The input and output voltage waveforms of a logic gate are shown in Fig 1 3 


Input - 
Output - 


50% - 


50% - 


'PHL! 

- 

7 n 

'PLH J 

_ 

7: 



Rg. 1.3 Input and output voltage waveforms of logic gate 

»'»!« l™.« .1 i„p„, „„d 

The propagation delay between innm an \ 
possible that the operating speed ofIC 2^°"“ be as min ™ as 

1-4.2 Power Dissipation 

dissipation should be as min in ssipation of power is less Hfxn 

1-4- 3 Figure of Merit 

“— — 
























and voltage ioi - -- 

V m (High level input voltage) It is the minimum input voltage corresponding to 
logic 1 state. 

V IL (Low level input voltage) It is the maximum input voltage corresponding to 

logic 0 state. 

Vqh (High level outputvoltage) It is the minimum output voltage corresponding t 0 
logic 1 state. 

V 0L (Low level output voltage) It is the maximum output voltage corresponding to 


logic 0 state. 

I, H (High level input current) It is the minimum input current corresponding to 
logic 1 state. 

I, L (Low level input current) It is the maximum input current corresponding tn 
logic 0 state. ® 

l 0H (High level output current) It is the minimum output current corresponding to 
logic 1 state. This current is also referred to as the source current. 

IqiJLow level output current) It is the maximum output current corresDondino m 
logic 0 state. It is also refereed to as the sink current. g 0 


1.4.5 Fan-Out 

to dnve more gates. Consider Fig. 1.4 ^^ UCCS ^ need of addlt, °na 1 gates 

gales arc connected to a tod of^he dn ver ^,'J fan '° Ut) ' If more than N 

f 6 ,s ,ess Ae curren, required to drive t “ SUPP ‘ y by the driver 

nvergate is more lhan the rating of the driv 8a ' eS ’ ° f ^ CUITent sink ^ lhe 
8 the dr,ver gate which may damage the gate. 



I jV number 
r* of load 
gates 


1.4.6 Fan-In 

Fan-in is the number of inputs to a gate. For a two-inputs gate, fan-in is two, and 
for a four-inputs gate, fan-in is four. 

1.4.7 Noise Immunity 

Unwanted signals are known as noise. The stray electric and magnetic fields may 
induce some noise at an input of digital circuit. Because of noise, the input voltage 
may drop below V, H or may be raise above Vj L , which results in undesired operations. 
The circuit should have the ability to tolerate the noise signal. The noise immunity 
of digital circuit is defined as the ability of a digital circuit to tolerate the noise 
signal. A quantitative measure of noise immunity is known as noise margin. Logic 
1 state noise margin and Logic 0 state noise margin can be calculated as: 

Logic 1 state noi.se margin A1 = Voh-Vih (1.8) 

Logic 0 state noise margin AO = V il -V 0 l (1.9) 

It is important that for logic families, V OH > V 1H and V^ > V 0L as shown in Fig. 1.5. 


777777777777; 

Logic 1 

imiLLLLLLL 


.,777777777777: 

' j Logic 0 


ai = y n 





Output voltage level Input voltage le7el 

Fig. 1.5 Input and output voltage levels 

TTL^NDgataA ^ T ** the * * 

TTL gate has V 0H .2= OoT-fX "TT* ‘ n ^ ' * The 

introduced in the signal (V noise ) is shown in Fig. l .6.’ “ ‘ L °' 8 V ' The n ° iSe 


Logic 0 

o- 

o- 

Logic 0 



Noise 


Fig. 1.6 Noise 
































taM V wWchtrLsits loan invalid input level and the output will be unpredictable 
Similarly for high stale output of gate, 

Vf2 = 2.4 - V^noise 


'noise ” L ' 

Be minimum high level input of the gate is 2 V. When the noise signal is greater 
than (2.4 - 2.0)=0.4 V, the input of gate, will be less than 2 V, which transits to an 
invalid input state and the output will be unpredictable. 


1.4.8 Power Supply Requirements 

Every electronic circuit requires supply voltage to operate. The required supply 
voltage and power by the IC should be as less as possible. 


1.4.9 Operating Temperature 

On the basis of operating temperature range, the application of the ICs will be 
decided. The operating temperature is the range of temperature in which an IC 
functions properly. It is in order of-55°C to +125°C. The accepted temperature 
range of an IC is 0 to +70°C for commercial and industrial applications. Selection 
of a particular logic family for a particular application depends on these parameters 
Let us learn each of these logic families. 


~ RESISTOR-TR ANSISTOR LOGIC (RTL) 


S„ CO oriur2n S Sn ^ 'T^ ,n RTL ' operate in cut-off 

circuit of a two-inputs resistnlT' empU ! vo,tage a PP ,ied - Figure 1.7 shows the 
inputs ofthe gate and Pis the ouqlir' N ° R ga ‘ 6 ' Here A and B are the 



Yy = v cc = -k> v; ii is logic i icvci 

■ When both the inputs are in logic 0, transistors T\ and T 2 operate in cut-o 
and the output is +Vcc» i.e. +5 V (logic 1). 

■ When any one of the inputs is at logic 1 level, the corresponding transistor 
operates in saturation, and the output is V Y = 0.2 V (logic 0). 

■ When both the inputs are at logic 1 level, both the transistors operate in 
saturation and the output is V Y = 0.2 V (logic 0). The operation of circuit is 
summarized in Table 1.1(a). 


Table 1.1(a) Operation of RTL NOR gate (Fig. 1.7) 


Va 

Vb 

Transistor Tj 

Transistor T 2 


Logic 0 

Logic 0 

Cut-off 

Cut-off 

Logic 1 

Logic 0 

Logic 1 

Cut-off 

Saturation 

Logic 0 

Logic 1 

Logic 0 

Saturation 

Cut-off 

Logic 0 

Logic 1 

Logic 1 

Saturation 

Saturation 

Logic 0 


In terms of 0 and 1, the above table can be written as in Table 1.1(b). 


Table 1.1(b) Operation of RTL NOR gate (Fig. 1.7) 


v A 

V fl 

Vv 

0 

0 

1 

0 

1 

0 

1 

0 

0 

1 

1 

0 


the truth table of NOR gate. F W s<ue ana laDle 1 • Hb) is 

The RTL suffers from a few drawbacks as listed below- 

1. Low noise margin (Typically 0.1 V) 

2 . Fan-out is poor (Typically 5 ) 


— -—- (UC TL) 

lr *" si “»' P UCT "““'nlpfeta' RTL 1 iScTL ’T"’’ Si '“ ' h ' ot 

























Fig. 1.8 Two-inputs DCTL NOR gate 


Operation 

The operation of DCTL is same as the operation of RTL. When both the inputs are 
in logic 0. transistors operate in cut-off, and the output is logic 1. When any one of 
the inputs or both the inputs are in logic 1 , the corresponding transistor or transistors 
operate in saturation and the output is logic 0. 

Although DCTL is simpler than RTL, it is not popular because of the current 
hogging problem. Let us see what the current hogging problem is. 

Current hogging problem 

Figure 1.9 shows a DCTL gate driving a three-inputs NOR gate. 




F ’ 8 ' ,-9 DCTL gate dnvm S ,he three-inputs NOR gate 

°’ ^ ‘ he ln P ut * transistor T 2 is 
gate is in logic 0 (V CEa| = 0 . 2 V) J L Z, “ Saturati on, the output of driving 

of the drivinggi J CS fr0m l0gic 1 10 logicO r in cut-off. When 

gga ‘ eStar,s “>changef rom02 V^V in ^ The output 


in saturation. The whole current flows through the base of T 2 and it 
Similarly, all the transistors of the driven circuit are damaged. It is 
current hogging problem. 


may damage, 
known as the 


1.7 DIODE-TRANSISTOR LOGIC (DTL) 

The circuit of a DTL consists of diodes and transistors, 
of a two-inputs diode-transistor logic NAND gate. 


Figure 1.10 shows the circuit 



Operation 

• When the transistor operates in saturation, the output voltage V, m = V 

. Wh '! e " U ° PerateS “ CUt ‘ 0ff ’ theou ‘P ut voltage V 8 ,. = V JSy 
When both the inputs are in logic 0, V, m = Vr = n?v n, • T ' V 

forward biased, voltage at point v is v - v °' 2 V ' the lnput dlodes 

isnotsufficienttodrivethetransistorin • <0) „ + ~ 0 2 + °- 7 = 0.9V which 

at point x to drive the transistor in uratl °n. because the voltage desired 

0.8 + 0.7 + 0.9=2 2 v S ‘ ‘ ! i - Should ^bew+ V m + y D3 = 

is in logic 1 state. ' oroperates ,n cut-off and the output voltage 

‘ When an y one of the inputs is in losic 1 

biased. Voltage at point.vis V v =0 2 V +0 fv^T^ 1 " 8 dkxfc is forward 

cut-off and the output voltage is in logic 1 site V ’ thetransist0 «' operates in 

' -a,- — 

in saturation and the 





















' Logic 0 
Logic I 
Logic I 


( Forward biased 
Reverse biased 
Reverse biased 


KCVCiav 

Forward biased 
Reverse biased 


Cut-off 

Saturation 


' — _ ___ 

In terms of 0 and I. Table 1.2(a) can be written as in Table 1 


L OglC 1 
Logic 1 

Logic o 


Table 1.2(b) Operation of DTL NAND gate (Fig. 1.10) 


A 

B 

Y 

0 

0 

1 

0 

1 

1 

1 1 

0 

1 

1 ! 

1 

0 


The circuit shown in Fig. 1.10 acts as a two-input NAND gate and Table 1.2(b) 
shows the truth table of NAND gate. 

Following are the advantages and disadvantages of DTL over RTL. 

Advantages 

1. Fan-out is high. 

2. Power dissipation is 8-12 mW. 

3. Noise immunity is good. 

Disadvantages 

1. More elements are required. 

2. Propagation delay is more (typically 30 ns) and hence the speed of operation 
is less. 


M'MODIFIED DIODE-TRANSISTOR LOGIC 


is a funcdonnf 8aleS ^ preferred for most of tile applications. Fan-out of the gate 
Srrr™' The fan-out of a logic gate ,s increased by increasing 

is increased Se s Sa ‘ e(S0UrCeCU ' Tem) - When the baSe current of a ***** 

in turn increases , ' rce cu ™ 2nl ln the diode-transistor logic increases and this 

transistor T : increasesthebasecturernof^etr^^ ^ ^ “ Kg ’ U ° by the 
a modified diode-transistor in ■ T u he tr ansistor and the circuit is referred as 
fan-out as compared to DTL TT • C m ° dlfied diode-transistor logic has more 
I°gic is shown in Fig. ill ^ c,rciJ d diagram of a modified diode-transistor 




D 2 


Fig. 1.11 



Modified diode-transistor logic 


1.9 TRANSISTOR-TRANSISTOR LOGIC (TTL) ___ 

Transistor-transistor logic is one of the popular saturated logic families. Transistor 
is the basic element of this logic family, which operates either in cut-off or saturation 
region. The first version of TTL is known as the standard TTL. 

Standard TTLs are available in various forms: 

1. TTL with passive pull-up 

2. TTL with totem-pole output 

3. TTL with open collector output 

4. Tristate TTL 

1.9.1 TTL with Passive Pull-Up 

Figure 1.12 shows a two-input TTL NAND gate with passive pull-up. Transistor T x 
has two emitter terminals. These terminals act as the inputs of the gate, that is, input 
A and input B. The input voltages are logic 0 or logic 1, where logic 0 corresponds to 
0.2 V and logic 1 corresponds to +5 V. 


































the voltage available at the base oi / , anu - 2 - 3 ••• cut-off^ 

the output voltage is equal .0 the supply voltage Vccdog* 1 level), outp ul J 

. When anyone of the inputs is at logic 0 level, the con-esponding emi, ter 
junction of T, is forward biased and the voltage at the base of T, is v B , = v 
+ v = 0.2 + 0.7 = 0.9 V. The minimum voltage required at the base of t ' 
so that T 2 and T } start to conduct, is V BEcu{ ( in ) + ^BEcut (in) + 0.7 = 0.5 + 0.5 + 
0 7 - i j v. The required voltage is greater than the voltage available at the 
base of V, and hence T 2 and T 3 are in cut-off and the output voltage is equal 
to the supply voltage Vqqs output is in logic 1 state. 

■ When all the inputs are in logic 1 state, the emitter junctions of T ] are reverse 
biased and the current supply by the source is sufficient to operate T 2 and r 3 
in saturation and the output is in logic 0 state. 

The operation of the circuit is summarized in Table 1.3(a). 

Table 1.3(a) Operation of TTL NAND gate (Fig. 1.12) 


Inputs 

Transistor Tj 

Transistors 
T 2 and Tj 

Output 

A 

B 

Emitter 
junction A 

Emitter 
junction B 

Logic 0 
Logic 0 
Logic 1 
Logic 1 

Logic 0 
Logic 1 
Logic 0 
Logic 1 

Forward biased 
Forward biased 
Reverse biased 
Reverse biased 

Forward biased 
Reverse biased 
Forward biased 
Reverse biased 

Cut-off 

Cut-off 

Cut-off 

Saturation 

Logic 1 
Logic 1 
Logic 1 
Logic 0 


In terms of 0 and 1, Table 1.3(a) can be written as follows: 

Table 1.3(b) Operation of TTL NAND gate (Fig. 1.12) 
v ~ " 


V. 

Vb 

Vr 

0 

0 

J 

0 

1 

1 

1 

0 

1 

1 

1 

0 


is given in Tabic 1 3(b). ' 8 ** 85 8 tW0 ' input NAND gate and its truth tabli 

Passive pull-up 

When both inputs are high T „„ 

SS» ate ^^CS:: e8i0n ’ V «= ^ and the 
biased and T } goes “ >ffcs P°' lt| ing emitter junction or iT °[. m0re lhan one in P ut< 

towards V Cf C CU '-° ff - Thc capaciWcjT JJ " ct ' on s° f 7’ I are forward 

jc through the resistor as^gate starts charging 


Fig. 1.13 TTL with passive pull-up 

The capacitor of the loaded gate is pulled towards V C c through the passive 
component /? r , and hence the circuit is known as TTL with passive pull-up. 

In TTL with passive pull-up, the time constant is R c?l x The speed of the 
circuit can be improved by decreasing Rcy which decreases the time constant. By 
decreasing the value of R Cy the power dissipation will go up due to the increased 
collector current of transistor T 3 . This problem of TTL with passive pull-up is 
overcome in TTL with active pull-up. 


1.9.2 TTL with Totem-Pole Output 

Figure 1.14 shows the circuit of a two-input TTL NAND gate with totem-pole 
output. It is possible in TTL to improve the speed of operation by reducing the 
time constant without increasing power dissipation with the help of active pull- 
up. TTL. with active pull-up is known as TTL with totem-pole output. 



Operation 

■ When both the inputs are in logic 0, V (0) = V CEsat = 0.2 V, emitter junctions 
of T ] are forward biased and the voltage at the base of T, is V», = V + V 
= 0.2 + 0.7 = 0.9 V. The minimum voltage required at the base of 7j”so that 






































- When any one of the inputs is at logic 0 level, the corresponding ex¬ 
junction ofTi is forward biased and the voltage at the base of ?, is y lkt 
V (0) + V BE = 0.2 + 0.7 = 0.9 V. The minimum voltage required at th e b ' * 
of 7V so that T 2 and T 3 start to conduct, is V BEcot (in) + V BEcul(in) + 0 j * Se 
+ 0.5 + 0.7 = 1.7 V. The required voltage is greater than the voltage avail^ h 
at the base of T, and hence T 2 and T 3 are in cut-off and the output voh ^ 
is equal to the supply voltage V cc (logic 1 level), output is in logic 1 s ^ 
Since T 2 is in cut-off region, the current supply by the source V cc thro 3 ^ 
R Cl is sufficient to operate T 4 in saturation. 

■ When all the inputs are in logic 1 state, the emitter junctions of T, are re 
biased and the current supply by the source is sufficient to operate T 2 and T 
in saturation and the output is logic 0 state. Since T 2 is in saturation reei 3 
the voltage at the collector of T 2 is low and T 4 operates in cut-off ^ 

The operation of the circuit is summarized in Table 1.4(a). 

Table 1.4(a) Operation of TTL NAND gate (Fig. 1.14) 


Inputs 

Transistor Tj 

Transistors 

T 2 and T 3 

f Transistor 

t 4 

’ Output 

Y 

A 

B 

Emitter 
junction A 

Emitter 
junction B 

Logic 0 

Logic 0 

Logic I 

Logic 1 

Tri tormr 

Logic 0 

Logic 1 1 

Logic 0 

Logic 1 

Forward 

biased 
' Forward 
biased 
Reverse 
biased 
Reverse 
biased 

Forward 

biased 

Reverse 

biased 

Forward 

biased 

Reverse 

biased 

Cut-off 

Cut-off 

Cut-off 

Saturation 

Saturation 

Saturation 

Saturation 

Cut-off 

Logic 1 

Logic 1 

Logic 1 

Logic 0 


; written as in Table 1 .4(b). 


The circuit 

v ““UWII jp] 

! ® lven in Table 1.4(b). 


r a 

B 

Y 

0 

0 

1 

0 

1 

0 

1 

I 

1 


S as 3 tW0 ' in P ut NAND gate and its truth table 


When one or more than one input changes to logic 0, the corresponding 
emitter junction or junctions of T, are forward biased. T 3 goes into cut-off and 
T 4 is in saturation and the diode £>, is forward biased. The capacitor ot the loaded 
gate starts to charge towards V cc through T 4 and D\ as shown in Fig. 1.15. 

The capacitor of the loaded gate is pulled towards V C c through the active 
components T 4 and Dj. Hence the circuit is known as TTL with active pull-up. 

In totem-pole output, T 4 acts as an emitter follower. The output impedance 
of emitter follower is low. This means that the output voltage can change 
quickly from low state to high state. 

When the output changes from high to low, T 3 operates in saturation and the 
capacitor of the loaded gate discharges quickly through T 3 . 

Due to the current spike problem, wired-AND connection must not be used 
for totem-pole output circuits, as discussed in the next section. 



output is low. When T 2 and T are^ t" 1 ' L uauit t0 kee P T 4 in ait-off when the 
r 4 is Wh en T 2 and Tj arc in saturation, the voltage available at the base of 


^BE3sat + l / CE2sat 

= 0.8+ 0.2= 1 V 


( 1 . 11 ) 































voltage requj re( j 


hence both Tt, and T 4 are in saturation. To avoid this situation D ai^j 

circuit. ’ 1 ls Us ed j n ^ 

In the presence of a diode, the voltage required at the base of T f 0r 
to conduct, is 4 e tran sist 0r 


V B a - V (0) +V D + VbEou (in) 

= 0.2+ 0.7+ 0.5 = 1.4 V 


0.13) 


The voltage available at the base of T 4 is less than the voltage reauireH 
Ta is operating in cut-off. 4 a 


f 4 is operating in cut-off. 

Sink current 


andhei 


; nc e 


It is the current supplied by the load. Figure 1.16 shows a two-inout rrwrr ^ 

NAND gate driving a similar gate. 1 ,ec *TTL 

When both the inputs are in logic 1 stafp t • 

cutoff. The 0UIpuI of ihedrivergar e is| og j' c 0(V o =0 2 '^ ?> isin 
of transistor r.ofte loMed E „, tao J 

y cc°f the loaded gate passes through T 3 of the driver gate This SUPPly 

as the sink current Stile. This current is Irnnum 


s current is known 



^4 is in saturatioi^Tkp" 6 ° Pthe ' n P u ts is in logic 0 SlnU ar 8 ate - 

* c r r < and D, a s shoCpu V ? SUppl,es cummio^r?*“ CUt ‘ off ’ and 

the source current. 


Fig. 1.17 Two-input modified TTL NAND 


Clamped Diode 

The circuit of a modified TTL with a clamping diode at input is shown in Fig. 1.18. 



Clamping d.odes are commonly used in TTL to suppress the ringing caused 
because of the fast transition found in TTL. At normal input signal, the diodes are 
reverse biased forhigh as well as low voltages. When transition occurs, the reactive 
component associated with the load causes ringing as shown in Fig. i .19 
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Fig. 1.20 Wired-AND connection 
Here the outputs of two NAND gates are connected together. 

y = r i.y 2 

Kj = A/? and T 2 = CZ) 

Hence V = AB .CD 
Using De-Morgan’s theorem, 


Y=AB + CD 


Wired-AND connection is not possible in TTL with totem-pole outnm tk’ 
shown " W ’ red ' AND C ° nneCti0n f ° r 7TL with totem -pole outputt 


ff'cc 

?*CC 


5**1 < r c 2 pc t 

, - L 

R c, 5 > R Cl 


f-1 T a \ 

Source C, \ 


j 1 1 - | 4 

\ Y7A 

t '—\ r, -t- 1 

• v current 'j -J 

ITasT L, 


l \ r> 2 .J 
[- fZ r 3 

-- 

■V 

T, 


Load 

current 


" tU ' "^dd-AND connection for TIL wirh totem-pole output 

,h “ r *'" ?««. opera,»i» 
gate 2 operates in cut-off The InaH ’ ? ^ at02 °P erates * n saturation and T 4 

**' "o.ihmgl.r.ofga«;r d r" ??„' and ll,e supplied by B t of 

C "'” C,M “WtaS S™',“!!* ,w » "dlPdli of die iwo 

ll with totem-pole output 




Output 



The collector terminal of T 3 is available outside the IC where the external resistor 
is to be connected. The circuit acts as a TTL with passive pull-up and hence the 
advantages of active pull-up cannot be achieved in the circuit but wired-AND 
connection is possible. 


1.9.5 Unconnected Inputs of TTL 


The input circuit of a TTL is shown in Fig. 1.23. 

When the input is in logic 0 state, the emitter 
junction is forward biased and the current 
flows through the junction. When the input is 
in logic 1 state, the emitter junction is reversed 
biased and the current cannot flow through 
the junction. If any one of the inputs of the 
T1L gate is open, then the corresponding 
junction cannot be forward biased, and the 
current cannot flow. The input acts exactly in 

the same way, as in case when logic 1 isapplied 

to that input. Therefore in TTL ICs, all 
unconnected inputs are treated as logical Is. 



1.9.6 Tri-state TTL 

In TTL with totem-pole outDut T ic n\T u 

lbe “P" 1 « Mgh In bigh-imJed,nce W „r,e 1 h e ,‘I!T" “ '° W ,nd T * is 0N 


































(a) Low 



(b) High (c) High-impedance 

Fig. 1.24 Tri-state logic 


Tri-state inverter 

The circuit of a tri-state TTL inverter is shown in Fig. 1.25. 



The tri-state TTL inverter has two inputs-normal input A and enable input E 
• When the enable input £ is High, the corresponding emitter junction of T 


When /lis high, the second emitter junction of 7j is reverse biased fWn. 


current supplied by the source flo ™^ rjUnction of r i is forward biased, 
transistors T 2 and T, operate in ‘ he emitter terminal off,, 

tn ON state. '° ffand lh e output is high. T 4 operates 

• When the enable inp U t£ JsW t . 

forward biased. Current supp,i e LT SPOndin «° e,Ilitt er junction off, is 

flows ,hrou s h the 

flows through the£° n ard biased andthe^utent ° f,0Wenab,e 

output is in high J t 6 ° 2 ’ transi stor T, i s 0D SUpp,led b y the source 

n| gtt-iinpeda nce SIate 4 grated , n cut-off and thus the 


Eo- 


E*- 


(a) Active high enable input (b) Active low enable input 

Fig. 1.26 Enable input inverter 

Application of tri-state logic 

Tn-state buffers play an important role in computer systems. In case of 8085 
microprocessor all the buses are in tri-state whenever the 8085 is in reset mode. 

B cZ7, ZT WS J a° mm0n bUS connected to four output devices, where ^, 
, C and \ D are the enabled inputs of tri-state buffer. Data present over the bus is 
given to the device as per the enabled input signal of the tri-state buffer The enabled 
signal of the input device is active low. enabled 



parameters 

Nw let us -— 

f ITL family parameters. 












































Power dissipation 

It signifies the wastage of power in a digital circuit. It should be as minim u 
possible. For a standard TTL. power dissipation is 19 m W. ^ a$ 

Current and voltage parameters 

V lH : It is the minimum input voltage to be recognized as logic I state 
V IL : It is the maximum input voltage to be recognized as logic 0 state 
V OH : It is the minimum output voltage corresponding to logic 1 state 
Vql •* It is the maximum output voltage corresponding to logic 0 state 
For a standard TTL family: 

ViH = 2V, V'oh = 2.4V, Vj L = 0.8V, and V' OL = 0.4V 


J V 

2 V 



F ih 


fk - 

0.8 V 



V OL -- 

0.4 V 


ov 

0 V 


u v -l 0v 

Input voltage Output voltage 


Fig. 1.28 Voltage range for TTL 


Ah : It is the minimum input current corresponding to logic 1 state 
I • kit' maX,mUm ,npU ‘ CUITem corres P°nding to logic 0 state 
° H ‘ the Mu/vecuirertr Ut ^ Ul CUmnt corres P on ding to logic 1 state. Itiscalled 

f. . T* .. . 


the source current. 

/0L: COrre ^ to logic 0 state. It is 


called the sink current. 

For a standard TTL family: 

/n.= 1.6 mA. 


Fan-out 


and 


Iql = 16 mA 


digital applications, the output of at • 

drived 0 t K r logic gales - Fan-out is noth^ g f C * S glV£n 10 one or more than one 
Whence wt^UFth 8ates ' ' n§ ^ ‘ heCapadty of the driver gate to 

c r m from the 

current / IL , where n i s tf eou ‘Put. then the Sis 8 t 0WninFig - 1,29(a) ' If « similar 

ls the fan-out of TT L . CUrrent/ OL is«times the input 



Fig. 1.29(a) TTL sinking the current from n gates 


When the output of the driver gate is high, T 4 acts as a current source to the load 
as shown in Fig. 1.29(b). If a similar gates are connected at the output, then the 

must equal to " times the ,nput current /ih ’ where - is £ 

IqH =nlru 


_ Iqh _ 400 )jA _ 
^ih 40 pA 












































For a standard family- ^ = ()gVj y OI =0.4V 

•'“■".’'Tv.MV Mffl.MV-MV.ft4V 

(AD = 2.4V-^ v 


4 the 54 series are the examples of standard TTL logic families 
The 74 series and thej supp , y voltage of +5 V. But, it is found that the 7 4 

JESS* atortl* range +4.75 V to +5.25 V and (he 54 series operate 

,he 54 series can work over a temperature range of- 55 C to +125 C. 

Summary of standard TTL 

Table 1.5 summarizes the typical values of standard TTL parameters. 

Table 1.5 Typical values for standard TTL parameters 


Characteristics 

74 series 

54 series 

Supply voltage 

4.75 V to 5.25 V 

4.5 V to 5.5 V 

Temperature range 

+0°C to 70°C 

- 55°C to 125°C 

Voltage levels 

4 = 2 V. Vq H = 2.4 V 

4 = 2V,V oh = 2.4V 


4 = 0.8 V, V ol = 0.4V 

V 1l = 0.8 V, V 0L = 0.4 V 

Current levels 

/ih = 40 pA, / 0H = - 400 pA 

Ah = 40 pA, I 0H = -400 pA 


In = 1 -6 mA, Iqi = 16 mA 

Al = 1 -6 mA, I 0 L = 16 mA 

Power dissipation 

10 mW 

10 mW 

Propagation delay 

10 ns 

Fan-out 

10 

10 ns 

Noise margin 

0.4 V 

10 

0.4 V 


LLLCOMMOMIY IJCrn lr 

TTI 

faroty it^avajJay fewexcepti ° n s. l The74serie^^ C ' rCUitS m USed for differenI 
used fCs of standardTTL ere "‘ Packa e e s w 'lh differen^ 3 " 11516 ° f 3 St3ndard ^ 

given in Table 1 6 ° °^ erat ‘ 0ns< Th e commonly 


7408 

Quad 2-inputs AND gates 

7432 

Quad 2-inputs OR gates 

7410 

Triple 3-inputs NAND gates 

7486 

Quad 2-inputs EX-OR gates 


1.12 IMPROVED TTL SERIES 

TTL 54 series/74 series are the most popular and commonly used series of digital 
ICs. These series have the limitation of speed and power dissipation. These 
limitations are overcome up to a certain limit in the improved TTL series. The 
improved TTL series are as follows: 

1. 74L series (low power TTL) 

2. 74H series (high speed TTL) 

3. 74S series (Schottky TTL) 

4. 74LS series (low-power Schottky TTL) 

5. 74 AS series (advanced Schottky TTL) 

6. 74ALS series (advanced low power Schottky TTL) 

7. 74F series (fast TTL) 


-- . v/pecu I | L 

TTh 74H serie, to, 6 „ s dclay u J a 

The circuits of 74L series inH ia u • H weraissl pation. 

TTL, but they differ in circuit compo^Zl^ “ “ ° f 3 Standard 

T12.2 Schottky TTL 

All the transistors in the circuits of standard ttt ■ 

T1L operate in saturation or cut-off region Whe ?iT P ° WerTTL ’ and hi gh speed 
stores the charge and the operation causes a st ^ trans,stor is in saturation, it 
transition from ON to OFF; and this limits ^ dunn 8 the t™rsistor 

In Schottky TTL families, Schott ' Speed ' 

ranststors. The Schottky transistor is operated i^T iMtead of norma ' 
"ever goes into saturation and the JL!+•_ region or cut-off region. 






















transistor is shown in Fig. 1 - ( 



Fig. 1.30 Schottky transistor and Schottky symbol 




The 74S series is an example of Schottky TTL. The propagation delay 0 f 
Schottky TTL is 3 ns only, which is twice as fast as the 74H series. Figure 1 3 j 
shows a basic NAND gate in Schottky TTL series. 



Table. 1.7 Comparison ot I l L famines 


Character¬ 

istics 

74 

74 LS 

74 S 

74ALS 

74 AS 

74 F 

Min. Vqh/^ol 
M ax. V] H /V IL 
Min. /oh^ol 
M ax. /jH^rL 

Tpd (ns) 

P.D. per gate 
(mW) 

2.4/0.4 

2/0.8 

-0.4/16 
40/(-l .6) 

10 

10 

2.7/0.5 

2/0.8 

-0.4/16 

20/(-0.4) 

10 

2 

2.7/0.5 

2/0.8 

-1/20 

50/(-2) 

3 

20 

2.7/0.5 

2/0.8 

-0.4/16 
20/(- 0.2) 

4 

1 

2.7/0.5 

2/0.8 

-2/20 

0.2/(-2) 

1.5 

20 

2.7/0.5 

2/0.8 

-1/20 
20/(- 0.6) 
2.5 

4 


1.14 EMITTER COUPLED LOGIC 

Emitter coupled logic (ECL) is faster than TTL family. The transistors of an emitter 
coupled logic are operated in cut-off or active region, it never goes in saturation 
and therefore the storage time is eliminated. Emitter coupled logic family is an 
example of unsaturated logic family. Figure 1.32 shows the circuit of an emitter- 
coupled logic OR/NOR gate. 



Dc™v“ f wlsr amplif ; er to shift the 

corresponds to OR logic and Y 2 corresponds I coai P* ie,B ® nta *y- | 
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logic 0. ... 

■ When any one of the inputs is in logic 1 level, the corresponding 

T, or T\ are operated in active region and T 2 operates in cut-off^ 
V 0 is low, T 3 operates in cut-off and Y 2 is logic 0, voltage V • ’ V ° lta ge 
operates in active region and Y x is logic 1. °2 ls high, f 

■ When both the inputs are in logic 1 state, T x and T \operate in activ 

and T 2 operates in cut-off, voltage F 0] is low, T 3 operates in cut-lff ^ 
is logic 0, voltage V 0 is high, T 4 operates in active region and Y • , anilJ 2 

1 ls ,0 gic i 

The operation of the circuit is summarized in Table 1.8(a). 

Table 1.8(a) Operation of ECL circuit 


Inp 

uts 

Trans 

istors 


Trans i 

stors 

A 

B 

T, 

T'l 

T 2 

T 3 

t7~ 

Logic 0 

Logic 0 

Cut-off 

Cut-off 

Active 

Active 

Cut-off 

Logic 0 

Logic 1 

Cut-off 

Active 

Cut-off 

Cut-off 

Active 

Logic 1 

Logic 0 

Active 

Cut-off 

Cut-off 

Cut-off 

Active 

Logic 1 1 

Tn tarn 

Logic 1 

Active 

l i nr_Li- 

Active 

Cut-off 

Cut-off 

Active ] 


Logic 1 
Logic 1 


Logic l 
Logic 0 
Logic 0 
Logic 0 


Table 1.8(b) Operation of ECL circuit 


A 

B 

y, 

y 2 

0 

0 

0 

1 

0 

1 

1 

0 

1 

0 

1 

0 

1 

1 

1 

0 


A o- 


B o- 



— 0 Y (OR) 
F(NOR) 


Fig. 1.33 Symbol of OR/NOR gate 

tableisgiVen in Table1*8rt>) Tlf aCtS , as , a ‘ w °- in P ut OR/NOR gate and its truth 
is shown in Fig. 1 . 33 . ' ' heSymbolofemitterc oup]edlogicOR/NORgate 

Fan-out 

cunrent of individual loaded^af^Taf CUrrent su PPty by the source and the input 
resistances of the logic familv if a hCSe ^ functions of the input and output 
1 le required current is less If the n e , mpU ' resistance of a loaded gate is high, then 
“ m , or H e F °r emitter coupled fo! ic f' ' ^ is low - the supply current 

r* e due ^ich ,he Z ZZ tr T 101 is used » the emitter follower 

indnid nt | SUPPly by ^ driv ing gate k ^ ^ ^ ° UtpUt resistance is IoW ‘ 
UJ gate is less and therefore thefeno^ CUrrent re£ l uired t0 drive 

^ ^Rrge. 


;;o ga= ^ ^^ w.^ 

using any additional hardware. Consider the circuit shown in Fig. 1.34. 


A o- 
B o- 


C o- 
D °— 






Fig. 1.34 Wired-OR logic 


K 4 =T, + Y 2 = A + B + C + D 

y s = y 1 + y^ =A + B + C + D 
Consider another circuit shown in Fig. 1.35. 



y 4 =yi +y 2 = a + b + c+d 
Y S =yi + y 2 = A+B + C + D 


Unconnected inputs 

0« mcm e o7 U d t theECLgateiS ° pen - thenthe correspondingtrans.stor 

of ECL^^eated'as^og^c 0 !"“' * S O^eve^mdlKn^l^^ncomee^ inpiu 


ECL characteristics 

Following are the characteristics of an ECL circuit: 

• Less propagation delay time (t d = 1 ns). 

2- TVHogic low-level voltage is -1.7 V and the logic high level voltage la 





















































1 . 1 ^ irsicviyrii 




The integrated injection logic uses only transistors for the constr 

andhenceitbecomespossibletointegratealargenumberofgatesin Ctl ° n of a 

This I C is easier and cheaper to fabricate. The figure of merit of!r2 gIe P*!b* 
quite small (4 PJ). ^ c ir CU j^ e 


1.15.1 / 2 l Inverter 

Figure 1.36 shows a simple inverter circuit. If the input 1/ j s at 
transistor T, is off and 7 fi| =0. 1 ow I 0 gj c . 

The input source acts as a sink for the current supplied by the 
and the output is at high logic level. If the input is high, the base c' S ° Urc e/ 
I, and T, operates in saturation. The output is at low logic level /fi i H+ 



F'g- 1.36 l 2 L Inverter with current source 


Figure 1.37 shows 
current source, hence 


a simple inverter 
^2 is in series as a 


circuit with transistor T 2 as the constani 
constant current source. 



Output 


When the input is 1 0 trans ' s '°r as current source 

thectirremXphe^bySelf^ the T ' is ° ffand thl 

Jther I 2 l gate. 

.Tra 

COnne cted directly to the in 


O 



Fig. 1.38 l 2 L inverter circuit with two output terminals 


1.15.2 l 2 LN AND Gate 

Figure 1.39 shows the !~L NAND gate. When inputs A and B are low or any one 
of the inputs is low, the current provided by T\ is sinked by the source, 7j is OFF, 
and the output is high. When both the inputs are high, the base current of T, is the 
sum of currents provided by the source and T 2 , transistor T x is ON and the output 
is low. 

Table 1.9 Truth Table of NOR gate 


F'g. 1.39 l 2 L NAND gate 


Inputs 

Output 

A 

B 

Y 

0 

0 

1 

1 

0 

1 

1 

1 

1 

1 

1 

0 



1.15.3 l 2 L NOR Gate 

“ “ ■ low hi8h - 0U "”' of 


















































designs. 

1,17 NMOS 


MOSFETs are of two types—depletion type and enhanceme/T —~-- 
uses only n-channel enhancement MOSFETs. n,t ype .NMov, 

1.17.1 NMOS Inverter 

Figure 1.41 shows the circuit of an NMOS inverter cn • 

MOSFETs. When the drain and gate terminals of MOSFF 7 \' St ' n ^ °f "'Chan n 
then it acts as a resistor. s are s hort-cj rciJ . 

In Fig. 1.41, MOSFET Qi acts as a load resistor and MOSFFt "" 

Operation 

■ When the input signal is high (positive 

the d 86 ’ Ql 1S ° N ’ theCUrrent flows thr °ugh 
. ! ™ termWal and the output is low 
When the mput signal is low (0 V or negative 

ZlZt is 0FF ’ there is no C ™°w 

through the circuit and the output is high 


G 


1 v m 


e, 




'■ 11 <a >- ,n terms of S'l ‘we^T^ TaWe F ‘ S- 141 NMOS inverter 
Table 1.1 1 (b) The „• ’ e can wn 'e it as in 

' ■* he circuit in Fio i a i 

given in Table 1. u ((,). g ' ' acts as a N OT gate and its truth table is 


Tab,e L’/Iinf ° peration of 

NMOS inverter 



Table 1.11 (b) Operation of 


"I' 2 NMOS NANO Gate 

, m,,ar toNMOSinve„„_ „ 


rjr 

V° 

0 

1 

i 

0 


Similar to NMOS ' 

' Jnd here is always ON.e^^^^tor that reduces th, 
^ «3 are the switching elements 


may be of depletion type or enhancement type, 
but Q 2 a° d 03 are alwa y s enhancement 
MOSFETs. 

Operation 

■ When both of the inputs are low, Q 2 and 
03 are OFF, the current cannot flow 
through the drain terminal and the output 
is high (Vdd). 

■ When any one of the inputs is low (0V 
or negative), then the corresponding 
MOSFET is OFF. There is no current 
flow through the circuit and the output 
is high (V DD ). 

■ When inputs are high (+ve voltage), Q 2 and 0 3 are ON. The current flows 
through the drain terminal and the output is low. 

The operation of the circuit is summarized in Table 1.12(a). 



A two-input NAND 


Fig. 1.42 

gate using NMOS 


Table 1.12(a) Operation of NMOS NAND gate 


A 

B 

02 

03 

V 0 

LOW 

LOW 

OFF 

OFF 

HIGH 

LOW 

HIGH 

OFF 

ON 

HIGH 

HIGH 

LOW 

ON 

OFF 

HIGH 

HIGH 

HIGH 

ON 

ON 

LOW 


In terms of 0 and 1, Table 1.12(a) can be written as in Table 1.12(b). 


Table 1.12(b) Operation of NMOS NAND gate 


A 

B 

Vo 

0 

0 

1 

0 

1 

1 

1 

0 

1 

1 

1 

0 


“ 8 ' L42 “* “ * tW0 - i "' )n, NAND **«»<! to «table 


■ .■/.J inmus NOR Gate 


ON.MOSFETso and o'"” ,b C ' ! '* '°“d I. in always 

are connected in pLaUefwhTr h SW m ® e,ements - These switching dements 

resistance 0 , u Se J whmh fd “* by inpUtS A and fi Instead of load 

type or enhancem^rnleintn dn ° f ,he Ch ' P ' Q ■ ma y be «f depletion 

yp , ut 02 and 0 3 are always enhancement MOSFETs. 




























• tnroug/i tiie drain terminal and 


—1UW. 

The operation of the circuit is summarized in Table 1 !3(a) 
Table 1.13(a) NMOS NOR gate 


A 

pz 

Qz 

c 

Qz 

K 

LOW 

LOW 

HIGH 

HIGH 

LOW 

HIGH 

LOW 

HIGH 

OFF 

OFF 

ON 

ON 

OFF 

ON 

OFF 

ON 

HIGH 

LOW 

LOW 

LOW 




Table 1.13(b) NMOS NOR gate 


A 

B 

V. 

0 

0 

1 

0 

1 

0 

1 

0 

0 

1 

1 

0 


-- oiiuwii in rig. i. 

table is given in Table 1.13(b). 



mpedanceFoh If- ° U ‘ ° f “ '° gic is the fu "«ion of its input and output 

v^htTL,Sd nPU ‘ ‘ he fan -° Ut 15 lar S e - MOSFETdevices have 

gaZilmoTtZn th 1 f re 1 forefan -° utis ^rge. Since thenumberofdriving 

ofMOSFETgate ° raU e tnvlI1 8 e a te output considerably reduces the speed 


through which the capacitor gets chargeo or uisc.uug^ »- 
propagation delay is large and the speed of operation is low. 


1.17.6 Power Dissipation 

It is a function of current supply by the source and resistance of the load . The power 
supply by the source in MOS logic family is small and hence the power dissipation is 
low. 


1.17.7 Characteristics of NMOS 

Table 1.14 summarizes the characteristics of NMOS. 


Table 1.14 Characteristics of NMOS 


Parameter 

Value 

Parameter 

Value 

Parameter 

Value 

Vm 

2.0 V 

foH 

- 400 pA 

*PHL 

60 ns 

Vil 

0.8 V 

4dl 

2 mA 

? PLH 

45 ns 

VoH 

2.4 V 

Fan-out 

30 

P.D. 

0.1 mW 

koL 

0.45 V 

Noise margin 

1.5 V 




1.18 CMOS 


CMOS family uses n-channel andp-channel MOSFETs. In CMOS, p -channel and 
n-channel MOS devices are fabricated on the same chip, which makes its fabrication 
complicated but it reduces the packaging density, and has small power consumption. 
Hence, CMOS is ideally suited for battery-operated systems. 


i.iu. i inverter 


Figure 1.44 shows a CMOS logic inverter. For 
the circuit, the logic levels are 0 V and V cc . It is 
important to note that the p-channel MOSFET 
is ON, when the input is 0 V and the n-channel 
MOSFET is ON, when the input is V cc . Q x is n- 
channel and Q 2 is n-channel. When Q, is ON, the 
output voltage is equal to V cc and when Q 2 is 
ON, the output voltage is equal to 0 V. 

Operation 

■ When the input is low, Q, is ON and Q 2 is 
OFF, output is high. 

" thC ‘ npUt is high ’ Q ' is 0FF and 02 

is ON, output is low. 



Fig. 1.44 CMOS inverter 







































1-18.2 CMOS N AND Gate 

Szzizt ,“t Nfl rs r ■"«—-»° - 

parallel andu-channel MOSff^ n ' T M0SFETs are connected „ 

channel MOSFETs and O a ndo “T ** SerieS ' Here ’ «> and ft arcp 
ana 0 3 and Q 4 are n-channel MOSFETs. 



Fig. 1.45 CMOS NAND gate 


Operation 

■ When the inputs are low, 0, and 0 2 are ON, ft and ft are OFF, and the 
output is high (F dd ). 

' MOSFFT a" 6 iS ' 0W ( ° V ° r - Ve) > then the corresponding 

MOSFET 0, or ft is ON, ft or ft is ON, and the output is high 

' ON C ldtn nPUl , S ?• h : 8h (+Ve V0,tase) ’ Q > and a ^ OFF, ft and ft are 
UN, and the output is Jow. 

The operation of the circuit is summarized in Table 1.16. 

Table 1.16 Operations of CMOS NAND gate 



^-channel MOSFETs are connected in series, ncic, v'i \ 

MOSFETs and ft and ft are n-channel MOSFETs. ® mpu _ 

channel MOSFETs are ON and n-channel MOSFETs are OFF. 




low, p- 
input is 



Operation 


■ When inputs are low, 0, and 0 2 are ON, 0 3 and 0 4 are OFF, and the output 
is high (V DD ). 


MOSFET 0, or ft is ON, ft or ft is ON, and th’e output isTow " 8 

SrrSK'"' ,ol “ 2eX e ‘ ”" 1 e >“ 0FF - e> a » ON, 


Table 117 Operations of CMOS NOR gate 


A 

B 

ft 

ft 

ft 

0.4 

V n 

0 

0 

1 

1 

0 

1 

0 

1 

ON 

ON 

OFF 

OFF 

ON 

OFF 

ON 

OFF 

OFF 

OFF 

ON 

ON 

OFF 

ON 

OFF 

ON 

u 

1 

0 

0 

0 


characteristics oT54C/74(rCMOS < logk l fMniN^?^ ^ ° f ICs The electricat 

voltage of 5 V. °gic family are given m Table 1.1 8 for a supply 



























































Operation speed 

The speed of a logic family is defined in terms of its propagation del 
propagation delay, ^ 

, _ *phl " t ~ ^PLH 

l r> ~~ ~ 


60 ns + 45 ns 
2 


= 52.5 ns 


Noise margin 

It is the capability of a gate to tolerate noise. 

Logic 1 level noise margin = ^OH- V m 

A1 =4.5 V-3.5V= 1 V 
Logic 0 level noise margin = V lL -VOL 

AO = 1.5 V - 0.5 V = 1 V 


Fanout 

MOS devices have a very high input impedance; therefore, the fan-out is large. 
Fan-out of a CMOS is 50 for low frequency and less than 50 for high frequency 
inputs. 

Power dissipation 

It is a function of current supply by the source. The current drawn from the supply 
in CMOS logic is Jess. Hence the power consumption in MOS circuit is less. Power 
dissipation for CMOS logic family is 1 mW at 1 MHz. It is less than 1 mW for 
frequencies less than 1 MHz. 

Unused inputs 

The IC of a logic family may have more than one gate. CMOS inputs have to be 
connected with a fixed voltage level or to another input. If inputs of unused CMOS 
t ates are open, they are susceptible to noise and static charge that could bias both/? 
and n channel MOSFETs in the conductive state and power dissipation is increased. 

1.18.5 Buffered and Unbuffered Gates 

Idmrunc 11 ™ arable in two versions, namely (i) CMOS with buffered output 
and (ii) CMOS with unbuffered output. 

andCMfS Mnp S r. dU " huffered ° utputs of CM0S inverter, CMOS NAND gate. 


NMOS. Gates of Q, and Q 2 are controlled by the controlled inputs tan a u , 
respectively. 

When C- 1 (high), <2t and Q 2 are ON or OFF depending upon the input A. When 
input A is high, then Q 2 is OFF and Q x is conducting in the ohmic region; Q , Shaves 
as a small resistance connecting the output to the input and output Y-A- hig . en 
input A is low, then <2, is OFF and Q 2 is conducting in the ohmic region; Q 2 behaves 
as a small resistance connecting the output to the input and output T = A = low. 

When C=0 (low), both the MOSFETs are OFF and transmission is not possible. 

In short, a transmission gate is a digital controlled CMOS switch. The symbol 
of transmission gate is shown in Fig. 1.48. 



Fig. 1.47 Circuit of transmission gate Fig. 1.48 The symbol of 

transmission gate 


1.18.7 Open Drain Outputs 

Different outputs are available in CMOS logic family as in the TTL family we had 
discussed earlier. In CMOS, open drain output is possible by replacing the transistor 
with a diode. See Fig. 1.49. 











































output is high, wnen me enamc mpm i<> .^w ««« ,„ F ui mgn, {t + f) C 
inputs to Q, and Q 2 , respectively, are high. So Q, will be OFF and Q 2 win j^/ 



When the enable input is high, E + / is always high, and El is always low 
independent of input high. Due to this, Q , and Q 2 are OFF, and the output is in 
high impedance state. 

1.18.9 Specifications and Standards 

The EIA [Electronic Industries Association] has established certain standard 
specifications for CMOS circuits. In standards to differentiate buffered CMOS it 
is identified as B-types and unbuffered are identified as VB types. 


Table 1.19 Electrical characteristics 
(Supply voltage V DD = 5 V) 


Parameter 

Value 

1 v m 

3.5 V 

VjL 

1.5 V 

^OH 

4.5 V 

^OL 

0.5 V 

| 7 IH 

1 pA 

4 . 

-1 pA 

7 oh 

-100 pA 

I 7 ol 

360 pA 

4 hl 

60 ns 

1 f PLH 

45 ns 

Static power 

10 mW 

1 dissipation per gate 



Table 1.20 Comparison oi l. 



Parameter 

CMOS 


1 l L 


*7 A A I C 


Silicon 

gateCMOS 

Metal 

gate CMOS 

74 

74L 

74 AS 

o n v 

V 1H (min) 

V IL (max) 

V OH (mi n ) 

Voi/max) 

V'nh 

Vnl 

fpd 

P.D. (per gate) 
/pd°° p D. 

3.5 V 

1.0 V 

4.9 V 

0.1 V 

1.4 V 

0.9 V 

8 ns 

0.17 mW 
1.4 PJ 

3.5 V 

1.5 V 

4.95 V 

0.05 V 

1.45 V 

1.45 V 

105 ns 

0.1 mW 

10.5 PJ 

2.0 V 

0.8 V 
2.4 V 
0.4 V 
0.4 V 
0.4 V 

10 ns 

10 mW 
100 PJ 

2.0 V 

0.8 V 
2.7 V 
0.5 V 
0.7 V 
0.3 V 

10 ns 

2 mW 
20 PJ 

2.0 V 1 

0.8 V 

2.7 V 

0.5 V 

0.7 V 
0.3 V 

1.5 ns 
8.5 mW 
12.8 PJ 

z.u v 

0.8 V 

2.7 V 

0.4 V 

0.7 V 
0.4 V 

4 ns 

1 mW 

4 PJ 


PJ - Pico-Joule, ns - nanosecond, and mW - milliwatts 
The fan-out of CMOS is more than TTL. It is typically 50 for CMOS and 10 for 
TTL. CMOS is more susceptible to noise than TTL. 


1.2 0 INTERFACING CMOS AND TTL DEVICES _ 

Interfacing means connecting two different systems or devices, having different 
electrical characteristics. In such a case, direct connection is not possible. The circuit 
used to connect driver and load circuits is called as the interface circuit. The interface 
circuit takes the input from the driver and converts it, so that it is compatible with 
the requirements of the load. 

Following are the important factors to be considered: 

■ The driver output must satisfy the voltage and current requirements of the 
load circuit. 

■ The driver and load circuit may require different power supplies. In such cases, 
the output of both circuits must swing between their specified voltage ranges. 

1.20.1 TTL Driving CMOS 

As TTL is driving CMOS, it must meet the current and voltage requirements of 
the load device. Supply voltage is 5 V. 


Table 1.21 Current and voltage requirements of CMOS and TTL 


Parameter 

CA 

10S 

TTL 

4000 B 

74HCT 

74 

74L 

7 4 AS 

St* 

[||l 

1 pA 

1 pA 

0.4 mA 

1 pA 

1 pA 

4 mA 

40 pA 

1.6 mA 
0.4 mA 

20 pA 

0.4 mA 

1 0.4 mA 

200 pA 

2 mA 

1 2 mA 1 
























































A 


TTL CM oS 

Fig. 1.51 TTL driving CMOS 


1.20.2 CMOS Driving TTL 

IlisiiecessaiytochecklheCMOSouqjutcapacityandtheTTLinputrequi rements 
Table 1.22 compares the two. 


Table 1.22 CMOS output capacity and 


TTL input requirements 


1 CMOS (4000 H) 

TTL 

I V 0H (min) = 4.95 V 

V 0L (max) = 0.05 V \ 

1 / 0H (min) = 0.4 mA | 

| I 0L (max) = 0.4 mA 1 

I V m (min) = 2.0 V 

1 V lL (max) = 0.8 V 

4 (min) = 40 pA 

4 (max) = 1.6 mA 


* pA - microampere and mA - milliampere 


ujdi me lmuj driving ; 
*’■ has. 


From the above table, it is proved that the C 
state do not need any special consideration such 

V 0H (CMOS) > V m (TTL) 

/oh (CMOS) > I m (TTL) 

For the CMOS driving a TTL in low state, see the parameter 
V 0L (max) CMOS < V IL (max) TTL 
This satisfies the requirement in 
the low state. Now see the current 
parameter. 

h)L (CMOS) must be greater 0 -1—\ 4050B 

than 4 (max) for TTL. oZZ ])°-[> 

/ 0L(CM0S)<4 (max) 

^ doe s not satisfy th* 

connectedbetvve- r< ^ U,red t0 be 

1-52 shows what it*means.° ^ Ure 


CMOS 

gate 


Buffer 



c . TTL inputs 

,g - 152 CMOS driving TTL 


1.21 INTERFACING ECL AND TTL DEVICES 


Interfacing means connecting two different systems or devices, having different 
electrical characteristics. In such acase, direct connection is not possible. The circuit 
used to connect driver and load circuits is called as the interface circuit. The interface 
circuit takes the input from the driver and converts it, so that it is compatible with 
the requirements of the load. 

1-21.1 TTL Driving ECL 

loLTetice d i V ^ E cin, m TV meet . the CUrren ‘ and VO,tage retirements of the 
TheMOIOHmSa^TmTrf? WithECL;h ^ires a translator. 


uses two power supplies. 



~ A o 

- A a 

-B a 

B o 

•c D 


GND 

,8 ' 1,53 L °S' C diagram of MC10H124 
The logic levels of the translator are: 

Tjh = 2 V, V, L = 0.8 V, y 0 „ - _n ao v 

Th . • ~°' 98Vandv/ OL = -l 6TV 

The logic levels of the TTL are- v 

The logic levels of the ECL are- f ^ 30(1 V ° L = °' 4 V 

It is observed that -4V and ^ih =-1.2 V 

^ih (Translator) < /-r-p, v 

and V, H (ECL) < v , T ' "- <Tra "sl*lot) > V 0L ( TT L) 

on (Translator), v^iecl) > ^ (Translator). 


































gate. 


40 - 







I TTL to HCL 
translator 6 p~ n y~ 

Fig. 1.54 TTI ri 1 

1 L driving ecl 


1,21, 2 ECL Driving 771 

An ECL cannot interface direct!. 

The MCI OH 125 i.s an ECL to TTL 

tran slator . The ]ogic djagram ^ 

MC! OH 124 is shown in Fig. ] 55 . it 
is a 16-pin IC and it uses two power 

supplies. 

The logic levels of the translator 

are: 


Tjh = -1.13 V, E il = _i. 4 8v , 
' oh = 2.5 V, and V OI = 0.5 V 

it shows that the input logic levels 
of a translator are compatible with 
the output logic levels of ECL and the 
output logic levels of a translator are 
compatible with the input logic levels 
of a TTL. Figure 1.56 shows the 
ECL gate driving a TTL gate. 






1 SUMMARY 

. Modem digital systems use mtcgrated 

j. Overall size of digital system gets reduced, because ics 
of digital circuits. 

2. The cost of ICs is very low. 

3. Power consumption is less. 

4. They have high noise margin. 

5. They have high reliability. 

6. The operating speed is high. 

. The logic families are classified into two types: (a) Bipolar logic famtlte , 

(b) Unipolar logic families. 

. Bipolar logic families are further classified as: (a) Saturated bipolar logic families, 
and (b) Unsaturated bipolar logic families. 

• The examples of saturated bipolar logic families are: (a) Resistor-transistor logic, 
(b) Direct coupled transistor logic, (c) Integrated injection logic, (d) Diode- 
transistor logic, (e) High threshold logic, and (f) Transistor-transistor logic. 

• The examples of unsaturated bipolar logic families are: (a) Schottky transistor- 
transistor logic, and (b) Emitter-coupled logic. 


pvtimnlpi: nf nninnlar families : 




• The various parameters of digital ICs used to compare their performance are: 
(a) Speed of operation, (b) Power dissipation, (c) Figure of merit, (d) Fan-out, 
(e) Fan-in, (f) Current and voltage parameters, (g) Noise immunity, (h) Power 
supply requirements, and (i) Operating temperature. 

• The RTL family is no more used because of: (a) Low noise margin (typically 
0.1 V), (b) Fan-out is poor (typically 5), (c) Propagation delay is high and speed 
of operation is low (12 ns), and (d) High power dissipation (typically 12 mW). 

• The DCTL is simple than RTL, it is not popular because of the current hogging 
problem. 

• A standard TTL can be classified as: (a) TTL with passive pull-up, (b) TTL with 
totem-pole output (c) TTL with open collector output, and (d) Tri-state TTL. 


KtT I tKJVlb AINU DEFINITIONS 

Integrated circuit Most of the digital circuits are constructed on a single chip, 
which are referred to as integrated circuits (IC). 

Logic family The set of compatible ICs with the same logic levels and same supply 
voltages, fabricated to perform various logic functions, are known as logic family. 

Unipolar logic family The logic family having unipolar devices like MOSFETs 
as its key element is referred to as unipolar logic family. 

uSelnf f T Uy , T l ,e l0giC family With Uansistors a " d di ° d « as its key element 
is referred to as bipolar logic family. 

ri '7 ,oiic <rtl ’ The ,os ' c ** 

transistors is called as resistor-transistor logic. 

Direct coupled transistor logic (DCTL! The Wie ...c:. L ..... 



































wv/i 1U « ,C - 1 ur saturati 0 

e " ml "“ M '" '“™ i0 " Bn< * '- 
Integrated injection loeic irt i ,.... . 6 st ° r aEe 


“ d *** * Contes passible to ££ *«-*—• for the ' N 

MOSFETIogic MOSFETs are very nUmbe ^of gates ^o„ 0 , 

CMOst- Pa CM"' hi8h denSUy CirCUi ‘ 

= -.SSS^---anne, MosFET , ^ 

,ts fabr >cation complicated but it red fabr,ca,e d on the same ETs ‘ Ia CM 0s 
consumption. bU ‘ " reduces packaging denst ^ ^ 

hass ^4 


Review Questions 


exercises 


the values of thesTpafam^tmfora^ f °! l0Win8 terms ' lot, I IL I , 
you obtain fan-out from the lh r ^ Tn -*«* Defined' W 

B« P i™ cmos ™„rz«r, r—* m 

5 . Sr;„r; is ' h ' = “*“*i e s in8 o, ‘ '*-»«» 

7 '; e ; f » ™- «"o 5 SSS? di£, “ l ,c ta " i » -I *« ** 1Biu 

(a; Propagation delay 

(c) Fan-out Noise margin 

6- Explain the working of a ru,. • _ (d) Figure of merit 

diagram. "* ° f 2 NAND g a , e with the heJp 

E ;f a ' n (b e following parameters: 

<a) Propagation delay 

(c) Noise margin (b) Fan '°ut 

«• Jrite a short note on CMOS logic family ^ ^ 

io -' ^ v z^zz::i d in to,em - po,e ttl *** 

(a) Propagation delay § Pafameters for ^ and CMOS logic gates: 

(c) Noise margin (b) Fan_out 

Descf ibe the difference hot ^ Power dissipation 

, ogjc f«„c« between cu m „ S Mi„ g c „ rre „, som| „ g „ m 


12. Explain the working of basic TTL NAND gate with a neat diagram. Explain the 
following three types of output configuration. 

(a) Open collector output (b) Totem-pole output 

(c) Tri-state output 

13. Explain the basic ECL OR/NOR gate with a neat circuit diagram. Why does the 
ECL family have the lowest propagation delay of all logic families? 

14. Give typical values of the following parameters for CMOS logic gates: 

(a) Propagation delay (b) Fan-out 

15. With a neat circuit diagram, explain the operation of a two-inputs CMOS NOR 
gate. 

16. Explain interfacing of a TTL gate driving CMOS gates and vice versa. 

17. Define the following parameters of logic families and give their typical values 
for a standard TTL gate: 

(a) Propagation delay (b) Fan-out 

(c) Noise margin (d) Figure of merit 

18. Explain with a neat circuit diagram the tri-state TTL gate. How can the tri-state 

circuit outputs be connected together to form a data bus so that each output 
can be switched onto the bus wire? F 

19. Draw neat circuit diagrams of: 

(a) Two-inputs TTL NAND gate with totem-pole output 

(b) Two-inputs CMOS NAND gate 

Multiple Choice Questions 

Select the correct option. 

1- Positive log, c in a logic circuit is one tn which 

respectively ' ^ repr£Semed b * " e8a “ve and positive voltages 

% s:: ::z ;; ir-“-*-*■ ,o„„, 
w logic o „ d ■■ io * er “■*" ">■« ■ i«.i 

2. In standard TTL gates, the'tmem-po^' T P ° SUiVe V °' tageS respectivel y 
« increase fc „„„ „,, rg| „ ^ «“» “ P™.rily used ,o . 

W (ht "“'ft •-'ilching del,, 

U i “. * ‘'" M 0R »°» aa«eo.k,„ 

™e\“r s ;r o T™r m “ 0,,h ” ta ^ 

. 

<b> ,1,e transistors are switched bar ^ and sa '“ration regions 
, «> m, M C "-° rf “«'« region. 005 

<->7 r -e mi „,i, pn f:;: g r"'—. 

the phase-splitter 
(°) the output buffer 
<d) the °P en collector output stage 







--r ~ 


(d) product or nuK> c . 

„ Which of the following uses the least power? 

(a) TO (b) ECL 

(c) CMOS al1 use sa me power 

7 . Which of the following logics is the fastest? 

(a) TTL (V E CL 

(c) CMOS (d) LSI 

8. In Schottky-clamped TTL, the purpose of Schottky diode is. 

(a) to increase propagation delay 

(b) to achieve efficient non-saturated switching 

(c) to improve noise margin 

(d) to decrease dissipation 


1. (d) 
5. (b) 


- Answers — 

2. (b) 3. (c) 

6- (c) 7. (b) 


4. (c) 
8. (b) 



Number System and Codes 


Chapter Outline ■ 

• Number systems and their interconversion 

• Sign binary numbers 

• Binary arithmetic 

• 2’s complement arithmetic 

• BCD code and its arithmetic 

• Excess-3 code and its arithmetic 

• Gray code 

• Parity code, linear block code, and hamming code 


2.1 INTRODUCTION 


In case of digital systems, data is represented by the binary digits 0 and 1 which are 

known as bus A group of eight bits is known as byte and a group of four bits is 

repre'eM «I losi '” 1 3 LOW as Csk (? da '“' In b ' l “ r> nun,b,!r dat *- HI °H is 
correcting codes are used. ect '"formation, err 


. error detecting and 


2 .2 NUMB ER SYSTEMS 


a svmb y M m 3nd US P ° Sili0n - Number ^ten 

symbol depends upon its position. 


s value is a function of the type 
positional because the value of 


















, rad ix or base of the number system 
whCre „ berof digits in the integer part 

5 , = most significant digtt msb) 

5 " m = least significant digit (Isb) 

On the basis ofnumberof symbols and radix, number systems are c i assjfi 
(i) decimal number system. 00 binary number system, (,„) octal nun^H 
and (iv) hexadecimal number system. ' ^ 


2.2.1 Decimal Number System 

In the decimal number system, the total number of symbols are ten ( 0 , 1, 2 , 

6 7 . 8 , 9 ); base is 10 , and the radix point is known as the decimal point. Then ' 
at the left side of the decimal point constitute the integer part and the digj (s l8l! 
right side of the decimal point constitute the fractional part. The value of ad| - 
the function of its position in a number. The leftmost digit has the maximum v? 
hence it is known as the most significant digit (MSD). The rightmost digit ha 3 ? 
minimum value and hence it is known as the least significant digit (LSD) ' * 

For example, (555.55)io = 5 x 10 2 + 5xl0 l +5xl0° + 5x 10 _l + 5 x 10' 2 


2.2.2 Binary Number System 

In the binary number system, the total number of symbols are two (0,1); base 
and lhe radix Point is known as the binary point. These symbols are known ast 
(binary digits). It is apositional numbersystem; the weight of a bit is defined hv! 
position with base 2 . 

For example, (I111.11I ) 2 = I x 2 3 + 1 x 2 2 + 1 x 2 1 + Ix2° + lx2' 
+ 1 x 2" 2 + 1 x 2~ 3 


2.2.3 Hexadecimal Number System 

the hexadecimal numbersystem ^ heXadecimal numbersystem 

and these symbols are- 0 12 14s s are used t0 represent the numb 

decimal numbers of the hex'arWi™ 6 ' 8- 9 ’ A ’ B ’ C ’ D ’ E ’ F - The equivi 

hexadecimal symbols are given in Table 2. 1 . 

TakL o - 


~ 1 ~p^jTjr —equivalent decimal digit 



point. It is apositional numbersystem; the weight or a digit is denned by its position 
with base 16. 

For example, (215A.268), 6 = 2 x 16 3 + 1 x 16 2 + 5 x 16 1 + 10 x 16° 

+ 2x 16“’ +6 x 16~ 2 + 8 x 16’ 3 

This number system is used to pass the data to the computer system by using 16 
keys. It is the most commonly used number system in a microprocessor kit. The 
keyboard of the microprocessor kit is known as the HEX keyboard. 

2.2.4 Octal Number System 

The numbersystem with base 8 is known as the octal number system. Eight symbols 
arc used to represent numbers in this system, and these are: 0, 1, 2, 3, 4, 5, 6, and 
7. In the octal number system, the radix point is known as the octal point. 

It IS also a positional numbersystem; the weight of a digit is defined by its position 
with base 8. 

For example, (576.217), = 5 x 8 2 + 7 x 8 1 + 6 x 8° + 2 x 8' 1 + 1 x 8~ 2 + 7 x 8- } 


Computer systems process binary data. The information given by the user may be 

2.3.1 Binary to Decimal Number Conversion 

a certain weight based onit ^sitfonre'latWe Wh ' Ch ^ b ‘ nary bit Carries 

can be converted to its deSSSS< blna ^-binary number 

positions in the binary number which com v ^ ? min 8 the weights of various 

for the conversion of a binary number to its decimaTeo' '' ^ generalized method 
Consider the h 10 '‘sdecmalequ, valent is explained below. 

Consider the binary number: (fi 4 B 3 B 2 B, B n . B ft ft , 

^ sss su ?t^ * d ' rme<s2 ' h2 ' 

“ f 1 2 and so on. The first right bit from h 7° 2 .' Slmi,arl y the value of ft, 

of a'fi these bit values!'' decima ^ OQoivalenfof the^ina^numberIs^he suim 

+ 5 -2X2- 2 + ft 3 >< 2-3 2x2 + fi ' x 2 ‘ + Bo X 2 ° + x 2-1 

Examples Ut us compute the decimal equivalents of th f n 

(» U 1011 ) 2 =J 4 ' the following binary numbers. 

+ 1X2 +0x2 2 + i X2 1 + | x2° 

= 16 + 8 + 2+ l = (27)io 














(iii) (JJ01.1101) 2 = 1 x 2 3 + 1 X 2 2 + 0 x 2 1 + 1 X 2° + I x 2 „ 


+ 0x2' 3 + 1 x2~* 

= 8 + 4 + 0+ 1 + 0.5 + 0.25 + 0 + 0.0625 
= (13.8125) 10 


1 *2* 


2.3.2 Decimal to Binary Conversion 

There are two methods to convert a decimal number to its equivalent bi 
namely (i) sum of power method, and (ii) repeated division and * n ^ nui %, 
method. mui tiplicaU 0|) 

Sum of power method 

In the sum of power method, the decimal number is expressed as a sum 
of 2 and then Is and 0s are written in the appropriate bit positions It ,° s 
opposite of binary to decimal conversion. Just " lt 

Examples 

(0 (26) jo = 16 + 8 + 0 + 2 + 0 

= 1 x 2 4 + 1 x2 3 + 0x2 2 + 1 x2‘ + 0x2° 

= (11010) 2 

(ii) (27) )0 = 16 + 8 + 0 + 2 + 1 

= 1x2 4 +1x2 3 + 0 x 2 2 +1x2 1 + 1x2° 

= ( 11011)2 

(iii) (0.75) 10 =0.5 + 0.25 

1 1 
= 2 + ? 

= 1 x 2~* +1 x 2 ~ 2 

(21.625)j 0 =16 + 0 + 4 + 0+1+0.5 + 0 + 0.125 

= 1 * ° x 2' + 1 x 2» . I x 

= (10101.101) 2 

a sum of numbers that are mTrm aS rt needs the number to be represented as 

but it is difficult for larger number! ° f 2 f ° rm ' ** may be easy for a few numbers ’ 


numbers and the repetitive multiplication method is used for the fractional part of 
decimal numbers. 

(a) Repeated division (for integer decimal number) 

In the repeated division method, the decimal number is divided by 2 and the 
remainder is found after each division, until the quotient 0 is obtained. Note 
that the binary result is obtained by writing the first remainder as the least 
significant bit and the last remainder as the most significant bit. 

For example, (25) 10 = (7)2 


Quotient Remainder 


25 + 2 12 1 

12 + 2 6 0 

6 + 2 3 0 

3 + 2 1 1 

1+2 0 1 
Ans: (25) io = (11001) 2 


♦ LSB 


♦ MSB 


(b) Repeated multiplication (for fractional decimal number) 

In the repeated multiplication method, the fractional part of the decimal 
number is multiplied by 2; the integer part of the multiplication is found 
after each multiplication operation, until the fractional part of a decimal 
number becomes zero. The fractional part of the binary result is obtained by 
writing the first bit as the MSB and the last bit as the LSB. 

For example, (0.625) 10 = (?) 2 


Multiplication 
0.625x2 = 1.25 
0.25x2 = 0.5 
0.5x2= 1.0 


Integer part 
1 
0 
1 


♦ MSB 

♦ LSB 


Now, let us consider a decimal number that includes both an integer part as wel 1 
as a fractional part. Such a decimal number is converted to its binary equivalent bv 

n ul ^ 

For example, consider (57 8251 Th>' t C ractlona * decimal number. 
57 and the fractional part is 0.825 ‘°’ ^ P “ t ° f th ' S deC ’ mal number is 

Conversion of integer part: 


57 + 2 
28 + 2 
14 + 2 
7 + 2 
3 + 2 
1 +2 

(57)i 0 =(maon 0 


Quotient Remainder 
28 1 

14 o 

7 0 

3 
1 

0 


♦ LSB 


1 

1 


♦ MSB 





I 


♦ LSB 


0.6x2= 1.2 
(0 825)io = (0.1 J 01)2 

/4;w.' (57.825/10 = (J1IOOO2 + (0.1101)2 = (111001.1101)2 

f.We 2 7 Convert the following binary numbers to their decimal equi Va u 

(a) 10010111 (b) 10111.0110 (c) lOllij.,, 

Solution 

(a) ( 10010111)2 = 1 x 2 7 + 0 x 2 6 + 0 x 2 + 1 x 2 4 + 0 x 2 3 + j x 
+ 1x2'+ 1x2° 

= 128+16 + 4 + 2+1 

= (151)io 

(b) ( 10111 . 0110 ) 2 = 1 x 2 4 + 0 x 2 3 + 1 x 2 2 + 1 x 2 1 + 1 x 2 ° + 0 x 2 i 

+ 1 x 2' 2 + 1 x 2~ 3 + 0 x 2~* 

= 16 + 4 + 2+1+- + - 
4 8 

= (23.375)| 0 

(c) ( 101111 . 11)2 = 1 x 2 5 + 0 x 2 4 + 1 x 2 3 +1 x 2 2 + 1 x 2 1 + 1 x 

+ lx2-‘ + lx2- 2 2 

= 32 + 8 + 4 + 2+1 + - + ! 

2 4 

= (47.75)| 0 


Example 2.2 

( a ) ( 83) 10 

Solution 

( a ) ( 83) I0 


Convert the following decimal numbers to their binary equivalents: 
(b) (79.515) 10 ( C ) (109.125) 10 


83-2 

Quotient 

41 

41 -2 

20 

20-2 

10 

10-2 

5 

5-2 

2 

2-2 

1 

1+2 

0 


Ans: (83) w = ( 1 0]0011>2 


Remainder 

1 ♦ LSB 

1 
0 
0 
1 
0 

1 ♦ MSB 


♦ MSB 


39-2 19 1 

19 -r 2 9 1 

9-2 4 1 

4-2 2 0 

2-2 1 0 

1+2 0 1 

(79) I0 = (1001111) 2 


The fractional part of the given decimal number is 0.515. 


Multiplication 

Integer part 


0.515x2 = 1.030 

1 

♦ MSB 

0.03 x 2 = 0.060 

0 


0.06x2 =0.12 

0 


0.12 x 2 = 0.24 

0 


0.24 x 2 = 0.48 

0 


0.48 x 2 = 0.96 

0 


0.96 x 2 = 1.96 
(0.515) l0 = (0.1000001), 

1 

♦ LSB 


^ 129.515),o = (1001111) 2 + (0.1000001)2 = (1001111.1000001) 2 
(c) (1 09.1 25) l0 

The integer part of the given decimal number is 109. 

Quotient 
109 + 2 54 

54 + 2 27 

27 + 2 13 

13 + 2 6 

6 + 2 3 

3 + 2 i 

1+2 o 

(109), 0 = (1 ioi 1 o I ) 2 


Remainder 

1 ♦ LSB 

0 
1 
1 

0 

1 

1 ♦ MSB 


The fractional part of the given number is 0 125 
Multiplication Integerpart 


0.125x2 =0.250 
0.25 x 2 = 0.50 

0.5 x 2 = 1.0 
(0.125) 10 = (0.001) 2 
^'('09, 25, ,0, )2t( „. M1)! = (|IOUOIM , lk 


0 

0 

1 


♦ MSB 


♦ LSB 


r*ZZ5**'*"- 

* " mKr - 0>0,0,0,0 ° • °- ,0 - , °- 3 

P° s,0 ° n and so on. The first right digit from the octal point is denoted bv o'* 
Be vie of 0., is <?-. x 8 ' 1 . The decimal number of the octal number is , he je¬ 
ofail these digit values. 

Decimal = 0 4 x 8 4 + 0 3 x 8 3 + 0 2 x 8 + O, x 8 + O 0 x 8°+ o_, x 8 -i 
+ <9_ 2 x 8" 2 + 0.) x 8 -3 

Examples 

(i) ( 753 ) 8 =7x8 2 + 5x8 +3x8 
= 448 + 40 + 3 
= (49% 

(ii) (0.235)8 = 2 x 8 _l + 3 x 8" 2 + 5 x 8~ 3 
= 0.25 + 0.0468 + 0.00976 
= (0.30664),o 

(iii) (265.731) 8 = 2x8 2 + 6x8 ! + 5x8°+7 x 8 _I + 3 x 8 _2 + 1 x 8~ 3 
= 128 + 48 + 5 + 0.875 + 0.0458 + 0.00 195 
= (181.92375),o 

2.3.4 Decimal to Octal Conversion 

ronveiSo erand fraCtI ° naI partS ofadecimal number are treated separately for the 

(a) Integer number 

The integer part of a decimal number can be converted to octal by using 

ZSTi i°H meth ° d The inte S er P art of i the decimal numberis 
Quotient ’ and thC remainder is fou nd after each division until the 
remainderTTh^r cn° ^ ° CtaI number is obtained by writing the first 

m D :x ,he ,ast remainder as the msd - 


,( 266 ),o = (?) 8 

. Quotient Remainder 

^06 + 8 33 


33 + 8 
4 + 8 

^••( 266) 10 = (412)g 


4 

0 


2 

1 

4 


♦ LSD 


♦ MSD 



uuiiiu^i io uy u, umu uiw pan ^av,n 

multiplication operation is found until the fractional part of the decimal 
number becomes zero. The fractional part of the octal result is obtained by 
writing the first integer as the MSD and the last integer as the LSD. 

For example: (0.256), 0 

Multiplication Integer part 

0.256 x 8 = 2.048 2 ♦ MSD 

0.048 x 8 = 0.384 0 

0.384 x 8 = 3.072 3 

0.072 x 8 = 0.576 0 

0.576x8=4.608 4 4 LSD 

Ans -' (0.256),o = (0.20304) 8 

The decimal number that includes an integer part as well as a fractional part is 

anrtlhe f d ^ number by usin 8 separate treatments over the integer part 
and the fractional part of the decimal number. The octal representation of such a 

ecimal number is; the sum of octal representation of the integer decimal number 
and the fractional decimal number. nuinoer 

For example, (125.201) IO = (?) 8 
Conversion of integer part 

Quotient Remainder 

,25 ^ 8 15 5 ♦lsd 

15 + 8 l 7 

rmt t ! 7r! ° 1 ♦ MSD 

(125 ),0 = (175) g 

Conversion of fractional part 

Multiplication Integerpart 

0.201x8 = 1.608 1 

0.608 x 8 = 4.864 
0.864x8 =6.912 
0.912x8 = 7.296 

0.296 x 8 = 2.368 
(0.201 ) 10 = (0.14672) 8 

^ (I25 ' 201), ° = 075)8 + (°- 14 672) 8 = (175.14672), 

2.3.5 Octal to Binary Conversion 

An octal number is also known as a 3 hit w 

» "1*~W by three °'” 


♦ MSD 


♦ LSD 



Converting each octal digit to its 3-bit binary equivalent performs the cony^ 
from octal to binary. 


Examples 

(i) <452) 8 = (?) 2 

4=100, 5=101, 2 = 010 
Ans: (452), = (10010I010 ) 2 


(ii) (0.275)8 = (?) 2 

2 = 010, 7=1)1, 5=101 
Ans: (0.275)8 = (0.010111101 ) 2 
(iii) (746.421)8 = (?) 2 

7=111, 4=100, 6=110, 4=100, 2 = 010, 1 = 0 0 l 

Ans: (746.421)8 = (HI 100110. 1 000 1000 1 ) 2 

2.3.6 Binary to Octal Conversion 
(a) Integer part 

the required number of zeros J S °' SS tlan t * lree ' n ’he last group, then 
For example, nDer ofzer °s are added to the left side. 

(lOOOIIllO), = iooo,| i,o 
= (436) 8 

,b > Fractional part 

Fhe fractional binary nnmk 

lowwTl m" 1 *" 8 8'oops ofXn bT™ ed '" ,0 lhei ' ec l u ' va lonl ocnl 

f ">'» MSB ami movi.t 
Ihen the requj,^" ,f lhe ""mberofbits j,T° .h"* blts by its equi valenl 

’ M »"*n* Wos J *fanthree in, he l, s , gM |> 
ueu to the right side. 


Now, let us consider a binary number with both integer and fractional parts. 
The integer and fractional parts of a binary number are treated separately for the 
conversion. The octal representation of such a binary number is the sum of octal 
representation of the integer binary number and the fractional binary number. 
For example, (10010111.0110101) 2 = (?) 8 

Integer part = (10010111) 

= 10010 111 

= 010010 111 (by adding 0 to the left) 

= 227 = (227) 8 


Fractional part = (0.0110101) 

= 0.011 010 1 

= 0.011010 100 (by adding 0 0 to the right) 

= 0.324 = (0.324) 8 

Ans: (10010111.0110101 ) 2 = (227) 8 + (0.324) 8 = (227.324) 8 

EXamP !l 2 ' 3 C ° nVert thCf0 " 0Wingdecimal numbers t0 ^eiroctal equivalents- 
(a > <">.o (b) (66.38) l0 


Solution 

(a) Given number is (99 ) 10 

Quotient Remainder 


99-8 12 

12-8 l 

1 - 5-8 0 

Ans: (99 ) )0 = (143) 8 

(b) Given number is (66.38) 10 

The integer part of the number (66.38) 

Conversion of integer part 


3 ♦ LSD 

4 

1 ♦ MSD 


to 66 and the fractional part is 0.38 


Quotient 

66 = 8 g 

8 = 8 i 

1=8 o 

Ans: (66) 10 = (102) g 

Cot "’e>sion of fractional part 
Multiplication 
0.38 x 8 = 3.04 
0.04 x 8 = 0.32 
0.32 x 8 = 2.56 
0.56 x 8 = 4.48 


Remainder 

♦ LSD 

0 

1 ♦ MSD 


Integer part 

3 
0 
2 

4 


♦ MSD 








(b) (0.231)8 


W (762. 


2 3l ) 8 


Example /. 

(a) (762)g 

Solution - _ o0 

(a) (762)8 = 7 x 8 "+ 6x8 +2x8 

= 448 + 48 + 2 

= (498),o 

(b) (0.230s =2x8" 1 + 3x8' 2 + I x8" 3 

= 0.25 + 0.04687 + 0.001953 
= (0.2988)| 0 

(c) (762.231) 8 = 7x8 2 + 6x8 I + 2x8° + 2x 8 _I + 3 x 8 -2 + 1 x 8~ 3 

= 448 + 48 + 2 + 0.25 + 0.04687 + 0.001953 
= (498.2988)j 0 

Example 2.5 Convert the following octal numbers to their binary equivnl 
(a) (723)8 (b) (0.301 ) g ( c ) (723.301), 

Solution 

Each digit of the octal number is represented by an equivalent 3-bit binary end. 

(a) (723)8 = (111010011) 2 * 

(b) (0.301), = (0.011000001) 2 

(e) (723.301), = (111010011.011000001) 2 

M*. (c > '<*110111 -O1.O10I 

nm 11 _ mn,A ... 

(b) 0.0110101 =0.011 010 1 
= 0.011 010 100 
- (0.324), 


(a) 10010111=100101)1 
= 010010111 
= (227), 

te) 10110111. 0110101 
Integer part =1011011, 

= 1011011] 

= 010]|0iu 

= (267), 

'OllOlJl.ojloioi =1267. 

(267 )s +(0.324), 
= (267.324), 


factional part =0.0110101 
= 0.011 010 1 
= 0.011 010 100 
= (0.324), 


hexadecimal point. The hexadecimal number can be converted to its decimal 
equivalent by summing the weights of various positions. The generalized method 
for hexadecimal to decimal conversion is explained below. 

Consider the hexadecimal number: EE 4 EE 3 EE 2 H ] H 0 » H_\H_ 2 H_ 3 

The first leftmost digit from the hexadecimal point is denoted by H {) . Subscript 
0 defines the position of the digit. The value of // 0 in decimal is H 0 x 16°. Similarly 
the value of H\ is H] x 16 1 , and so on. The first digit right to the hexadecimal point 
is denoted by H_ } . The value of //_, is H _| x 16" 1 . The decimal number of the 
hexadecimal number is the sum of all these digit values. 

Decimal = H 4 x 16 4 + // 3 x I 6 3 + H 2 x 16 2 + H x x 16 1 +// 0 x 16° 

+ //_, x 16"' + H _ 2 x 16~ 2 + x 16~ 3 

Examples 

(i) (A23) l6 = 10 x 16 2 + 2 x 16 1 + 3 x 16° 

= 2560 + 32 + 3 = (2595),o 
(ii) (0.351), 6 = 3 x 16“' + 5 x 16~ 2 + I x 16“ 3 
= 0.1875 + 0.01953 + 0.0002441 
= (0.20727) lo 

(iii) (A23.35I), 6 = 10 x16 2 + 2x 16 1 +3x 16°+3x 16 _i + 5 x 16 _2 + 1 x 16” 3 
= 2560+ 32 + 3 + 0.1875 + 0.01953 + 0.0002441 
= (2595.20727),o 


2.3.8 Decimal to Hexadecimal Conversion 

number into its hex^dmaleq^ivILm* 16 llUe8er “ d deC ' mal ^ of a decimal 
(a) Integer part 

,he r,rsl 

Quotient Remainder 


293 + 16 18 

18+16 i 

1 + 16 o 

Ans: (293), 0 = (125), 6 


5 ♦ LSD 

2 

1 


♦ MSD 


national pan becomes zero. I ne nacuunu. F cui u. me ncxadeci m 111 % 
obtained by writing the first integer as the MSD and die last integer^* 

For example, (0.210 ) 10 = (?)i 6 Sthe W 


Multiplication 

lntegerpart 


Decimal 

Hex 


0.210 x 16 = 3.36 

3 

3 

♦ MSD 

0.36 x 16 = 5.76 

5 

5 


0.76 x 16 = 12.16 

12 

C 


0.16 x 16 = 2.56 

2 

2 


0.56 x 16 = 8.96 

8 

8 


0.96 x 16 = 15.36 

15 

F 

♦ LSD 

Ans: ( 0 . 210 ) io = (0.35C28F), 6 





Now let us consider a decimal number having both integer and fractional 
The integer and fractional parts are treated separately for the conversion^ 
hexadecimal representation of such a decimal number is the sum of hexade •' * 
representation of the integer pail and the fractional part. 

For example, (125.201) JO = (?)i 6 
Conversion of integer part 

Quotient Remainder 


125 + 16 7 

7-r 16 o 

(125) J0 = (7D ) ]6 
Conversion of fractional part 


Decimal 

13 

7 


Hex 

D 

7 


♦ LSD 

♦ MSD 


Integer 


Decimal 

3 

3 
7 

4 
11 


Hex 

3 

3 
7 

4 
B 


♦ MSD 


♦ LSD 


0.201 x 16 = 3.216 
0.216 x 16 = 3.456 
0.456 x 16 = 7.296 

0.296 x 16 = 4.736 
0-736x 16 = 11.776 
(a20I ).o = (0.3374B ) I6 
" 20,, ”" ,7D, ”*(».« 7 4B» I1 . PDJ 37 4B)1 . 

Table 2 ^ ecima ^ "“mtwr c, 5 . k |n .O' number, because each d? 

mpresenied by a 4-bit binary number, as given^ 


Hexadecimal 

Binary 

Hexadecimal 

Binary 

0 

0000 

8 

1000 

1 

0001 

9 

1001 

2 

0010 

A 

1010 

3 

0011 

B 

101 l 

4 

0100 

C 

1 100 

5 

0101 

D 

1101 

6 

0110 

E 

11 10 

7 

0111 

F 

mi 


The conversion of each hexadecimal digit to its 4-bit binary equivalent performs 
the conversion from hexadecimal to binary. 

(i) (47A ) I6 = (?) 2 

4 = 0100, 7 = 0111, A = 1010 

Ans: (47A ), 6 = (010001111010 ) 2 

(ii) (0.264) I6 = (?) 2 

2 = 0010, 6 = 0110, 5 = 0101 
Ans: (0.265) 16 = (0.001001100101 ) 2 

(iii) (F23.6A1) I6 = (?) 2 

F = 1111’ 2 = 0010, 3 = 0011, 6 = 0110, A=1010, 1 =0001 

Ans: (F23.6A1) I6 = ( 111 100100011.011010100001 ) 2 


There are different methods to convert the integer and decimal parts of a binarv 
number into its hexadecimal equivalent. ^ 

(a) Integer part 

hexadecimal representation if th u ? ° four blts by ,ts equivalent 

0fbiBb '“ S,h *" f "" inlhel “ 

For example, (100011110101 ) 2 = 1000 111 1 0101 

= (8F5) I6 

(b) Fractional part 

equivalent by making groupsTf"^^^"-t C ° nVerted int0 its hexadecimal 
towards LSB and then replacing e tch I ? g fr ° m MSB and movin g 

hexadecimal representation If the numb™ fh ^ bUS by ‘ tS et l uivalen t 

group, add zeros to the right siie ^ * leSS ,ha " four the last 

^example, (0.0,01 Uioi), = o.0101U,oiooo 

= (0 











= (297)i6 

Fractional part = 0.0110101 
= 0.0110101 

= 0.0110 1010 (by adding one 0 to the right) 
= (0.6A)i 6 

1010010111.0110101 = (297)i 6 + (0.6A ), 6 = (297.6A) 16 


Example 2.7 Convert the following decimal numbers to their hexadecjn,, 
equivalents: 

(a) (214),o (b) (0.356),o (c) (214.356) 10 

Solution 

(a) (214),o 

Quotient Remainder 
Decimal Hex 


214=16 13 6 6 

13 = 16 0 13 D 

Ans: (214),q = (D6), 6 

(b) (0.356) lo 

Multiplication Decimal 

0.356x 16 = 5.696 5 

0.696x16= 11.136 H 

0.136x16 = 2.176 2 

0.176x16 = 2.816 2 

Ans: (0.356) IO = (0.5B22), 6 
Cc) (214.356) l0 

f2I4 )io =(D6), S 
(0.356) IO = (0.5B22) I6 
« 1 4.356), 0 = (D6.5B22) 


and 

Hence, 


'16 


Example 2.8 

equivalents: 
(a) (356), 6 


Convert the follow 


Hex 

5 

B 

2 

2 


♦ LSD 

♦ MSD 


♦ MSD 


♦ LSD 


,ng hexadecj mal numbers to their decinrf 
( b ) ( 0 . 21, 16 


(c) (2AF.31 )j6 


= (854),o 

(b) ( 0 . 21), 6 = 2 x 16 _i + 1 x 16" 2 

_ 2 _ _ 1 _ 

16 + 256 
= 0.125 + 0.0039 
= (0.1289),o 

(c) (2AF.31), 6 = 2 x 16 2 + 10 x 16 1 + 15 x 16°+ 3 x 16~‘ + 1 x 16' 2 
= 2x256 + 10 x 16 + 15 + 316+ 1256 
= 512+ 160+ 15+0.1875 + 0.0339 
= (687.19) l0 

Example 2.9 Convert the following binary numbers to their hexadecimal 
equivalents: 

(a) 1010110110111 (b) 0.010011011 

(c) 101011011001.1010100 

Solution 

(a) (1010110110111) 2 = 1 0101 1011 0111 

- 0001010110110111 (by adding three 0s to the left) 
= (15B7), 6 

(b) (0.010011011) 2 = 0.0100 1101 1 

= 0.0100 1101 1000 (by adding three 0s to the right) 

= (0.4D8), 6 8 

(O (101011011001.1010111)2 = 1010 1101 1001.10101,1 

= 1010 1101 1001.1010 1110 
= (AD9.AE) 16 

equivalents: C ° nVLrt lht following hexadecimal numbers into their binary 

(a) (A23.4E) I6 (b) 

Solution )l6 < c ) (0.45B) l6 

i! =(IO| 000100011.01001110) 3 

(b) (F23) I6 = (11 110010001 

f(\ ^-tr. > 



and *r eSa rbinS number system, the most significant hi, represent^ 
o^e „u£ S the MSB is i, the number ts negat.ve; and when i, 

^Ceare^memethods used to represent sign binary numbers. 

. sign-magnitude representation. 

. |'s complement representation, and 

. 2 's complement representation. 

2.4.1 Sign-Magnitude Representation 

In sign magnitude representation of a binary number, the MSB represents the sit , 
and the remaining bits represent its magnitude. When the MSB is 1, the S j g ^ 
negative: and when it is 0. the sign is positive. 

Consider the binary number: (B 7 B b B^B^B 2 ,B 2 B\Bo )2 

where B 7 represents the sign and B b to B 0 represent the magnitude of the binar, 
number. 

For example: 00001000 +8 
10001000 -8 
01111111 +127 
11111111 -127 


eq JSlem 5 r l T f PKSemtion ™ re P resent the max ™um decima 

renresentthemal = 1 " s 'g n -m a gnitude 8-bit binary representation« 

decimalequivaleiTis-I^Tlngener^^dform^th '"7 an ^ maximum negaiitt 
represents the maximum positive number^ unsigned binary numte; 
magnitude binary number system ron u ~ d the "' blt bmar y sl 8* 
-D and the maximum negative number'?'^ he ™um positive number (2* 


2.« ISComplemerl Representation 

- Is Ufa.positive and 1 forneg* 

Pinion 1 I0nof+8i sooooionn 

’ anc * l’s complement of’ 1 


number as 127 and the maximum negative number as -127. In generalized form, 
the /z-bit unsigned binary number represents the maximum positive number as 
(2 n - 1 ), and the /?-bit binary number in l’s complement form represents the 
maximum positive number as ( 2" _1 - 1 ) and the maximum negative number as 
(2 n l -1). The following steps are used to find the 1 ’s complement representation 
of a negative number. 

Step 1: Write the positive number in binary form. 

Step 2: Find the 1 ’s complement of the binary number. 


2.4.3 2's Complement Representation 

The 2’s complement of a binary number is obtained by adding 1 to the l’s 
complement of a binary number. In this representation, the most significant bit is 
0 for positive number and 1 for negative number. 

For example: 1 \s complement of (+ 8 ) = 11110 111 

2 ’s complement of (+ 8 ) = 11110 111 

+ 1 
fl 1 1 1Q Q Q 


The 2 s complement of a positive number is negative and vice-versa (+8), n is 

SS 5 S 22 ?* 11111 l000 >> <- 8 >» *””•» 

Unsigned 8-bit binary number represents the maximum decimal number as 255- 

bi ™ y " rab " "P“ the ”e 

.ho h-f 27 d / H maximum negative number as -128 In generalized form 
G" n"Xh numb ‘ r the maxi m „: 8 p“7 ‘eTS 

-p™ . 1 .= 

as (2"-'). u and the maximum negative number 

tr* ranro.-- .1 


Z7 ST" e8,,i,e nUmb " " 2>S “ m P‘«"“"t *r-=»«0» are: 
step I. Write the positive sign number 

Zl ' “Pf ■ »yo. 

of the number enUmberbyaddi "g 110 '^complement 


Solution <C) + "" (d > '»* 

(a) (27) l0 = 

Quotient Remainder 

27 *2 13 




h hj The hin ' 1 ^ a nd the most significant bit is 


Hence, 

(c) (lOI)io = 


10011011 


101 -r-2 

50-2 

25-2 

12-2 

6-2 

3-2 

1-2 


Quotient 

50 

25 

12 

6 

3 

1 

0 


Remainder 
1 

0 
1 

0 
0 
I 
1 


♦ LSB 


♦ MSB 


Hence, (101), o- (1100101)2 

The number is positive and the most significant bit is 0. 

Hence, the sign-magnitude representation of (+ 101) 10 = 01100101 


(d) (106), 0 = 


106-2 

53-2 

26-2 

13-2 

6-2 

3-2 

1-2 


Quotient 

53 

26 

13 

6 

3 

1 

0 


Remainder 

0 

1 

0 

1 

0 

1 

1 


♦ LSB 


♦ MSB 


Hence, (106), 0 = (1101010) 2 

The number is negative and the most significant bit is 1. 

ence, the sign-magnitude representation of (- 106 ) IO = 11101010 

(a) So,«S,r deCJm (b)ToooiOOi f f ° ll0Wing binar y numberS: 
Assumed- ' (W010011) 2 (c) (101 10011)j 

Assume the g,ven numbers in sign-magnitude form 

Solution 

(a) The most significant bit i s j-thg ,• .. 

seven bits represent the magnitude offitenT ^' 8 negat ’ Ve - The 


(UU 1 UU 1 l) 2 = 0 x 


-6 -f-UXZ + IXZ+UXZ + 




= 16 + 2+1 
= 19 

Hence, the decimal equivalent of (0001(K) 11 ) 2 = (+19) l0 
(c) The most significant bit is 1; the sign of the number is negative. 

( 01 10011) 2 = 0 x 2 6 + 1 x 2 5 + 1 x2 4 + 0x2 3 + 0x2 2 + 1 x2' + 1 x 2 ° 
= 32+16 + 2+1 
= 51 

Hence, the decimal equivalent of ( 1 0 11 001 1 ) 2 = (-51 ) 10 
,0 ' l0W ‘ ns dec, “" ,n 

(a) ~ 67 (b > 102 (c) -88 

Solution 

(a) Step I: Find the binary equivalent of the number 
t 6 ')io = 

Quotient Remainder 


Hence, 


67 + 2 
33 + 2 
16 + 2 
8 + 2 
4 + 2 
2 + 2 
1+2 
(67),o: 


1 

1 

0 

0 

0 

0 

1 


LSB 


MSB 


33 
16 
8 
4 
2 
1 

0 

... (1000011) 2 

Step 2: Write the positive number using 8-bits 

•’"sssss&at.-.,. 

(b) Step I: Find the bina 67 >io = (10111100) 2 

(102), 0 = n d tbe blnar y equivalent of the number. 

Quotient Remainder 
51 0 

25 1 

12 , 


102 + 2 
51+2 
25 + 2 


♦ LSB 


The 

sign 

(c) Step l 


c, ,„2- Write the positive number using 8 -bits. 

‘ (+102), 0 = (0U00110) 2 

rhe IS complement representation of the positive nu m b er ■ 
12 „-magnitude representation of the positive number. ' S Sa Dc 

,rn I: Find the binary equivalent of the number. 

n — 



Quotient 

Remainder 

88 + 2 

44 

0 

44 + 2 

22 

0 

22 + 2 

11 

0 

11+2 

5 

1 

5 + 2 

2 

1 

2 + 2 

1 

0 

1+2 

0 

1 


♦ LSB 


♦ MSB 

nciite, (O0/|o = WUllUW /2 

Step 2: Write the positive number using 8-bits. 

(+88) W = (010U000) 2 

Step 3: Find the 1 ’s complement by replacing 0 by I and 1 bvf) 
s complement of (+ 88), 0 = (_ 88), 0 = 001001 11 ),^ 

fo,,owing — 

: »^».„ te ','^, repreien - n ao,„»„ k 

Solution 

tsT^ Chedahe sign of the give; n number 

«g*T 611 of ,te 0'™» number is I; ,h c sign of Die nunto 

fc ” ’■ !of the number. 

,x 2 4 +lx2 3 + 0 x 2 2 + 0 x 2 1 +0x2® 

Ho,, ”** 

g n number is 0; the sign of the numbdj 


1010011 = 1 x2 6 + 0x2 5 + I x2 4 + 0 x 2 5 + «x 2 j + 1 x 2 1 + 1 x2° 

= 64+16 + 2+1 
= 83 

Hence, the decimal equivalent of (01010011 ) 2 = (+83) 10 

(c) Step I: Check the sign of the given number. 

The most significant bit of the given number is 1; the sign of the number is 
negative. 

Step 2: Find the 1 ’s complement of the number. 

1 ’s complement of (10111011 ) 2 = 01000100 
Step 3: Find the decimal equivalent. 

01000100 = 1 x2 6 + 0 x 2 5 + 0 x 2 4 + 0 x 2 3 + 1 x2 2 + 0 x 2‘ + 0x2° 

= 64 + 4 


Hence, the decimal equivalent of (10 111011 ) 2 = (- 68 ) 10 

fo " owin8 decln ”' *-*•“ 2 ' s 

(a> 44 (b) 64 (c) -89 

Solution 

(a) Step 1: Find the binary equivalent of the number 
(44 ), 0 = 

Remainder 
0 


Quotient 

22 

11 

5 

2 


♦ LSB 


0 

1 

1 

0 

1 


♦ MSB 


44 + 2 
22 + 2 
11+2 
5 + 2 

2 + 2 1 

1+2 o 

Hence, (44) 10 = (ioi 100) 2 

Sten? ut ' ~^ 00I0I,00 )2 t adding two ( 

■ 0«)!lSM n ;r U!in88 ' WK 

^;!;ro p & re s;" 80b> ■ - 1 ** 

Step4; Find the 2’s complement by addbig^to the' 

:; 0 c z?r 


(adding two 0 s to the left) 


1 10 10 100 










0 


♦ MSB 


8 + 2 
4 + 2 
2 + 2 

pla"" •"»*“ usi,,e 

™SS^““ of>pos,,,, ' n,,m 

Hence, the 2’s complement representation of (+ 64) 10 - 01000000 
I -Rnd the binary equivalent of the number. 


(c) Step 


Quotient Remainder 


44 

22 

11 

5 

2 

1 

0 


1 

0 

0 

1 

1 

0 

1 


♦ LSB 


♦ MSB 


89 + 2 
44 + 2 
22 + 2 
11+2 
5 + 2 
2 + 2 
1+2 

Hence. (89), 0 = (1011001 ) 2 
= ( 01011001) 2 
Step 2: Write the positive number using 8-bits. 

(+89), 0 = (01011001) 2 

Step 3: Find the 1 ’s complement by replacing 0 by 1 and 1 by 0. 

1’s complement of (+89) 10 = (—89) 10 = (10100110) 2 
Step 4: Find the 2’s complement by adding 1 to l’s complement. 

2’s complement of (+ 89) 10 = (-89) 10 = 1 0 1 0 0 1 1 0 

+ 1 


(adding 0 to the left) 


1 0 1 0 0 1 n_ _ 

Hence, the 2’s complement representation O f(-89)i 0 = 10100111 
Example 2 . 1 6 Find h • 

( a ) (1001 inm) eClma e ^ u * va ^ ent °f the following binary numbers 

<0 ( 10 . 0 . 01 ft 

s complement representation. 


Step 3: 


1 ’s complement of (10011 001 ) 2 = 011001 10 


01100110 


01100111 


Step 4: Find the decimal equivalent. Q 

1100111 = 1 x 2 6 + 1 x 2 5 + 0 x 2 4 + 0 x 2 3 + 1 x 2 2 + 1 x2'+ 1x2 

= 64 + 32 + 4 + 2+1 


Hence, the decimal equivalent of (10011001 ) 2 — (-103) 10 
(b) Given number is (01100111 ) 2 

Stepl: Check the sign of the given number. 

The most significant bit of the given number is 0, the sign of the number is 
positive. 

Step 2: Since the number is positive, go to step 3. 

Step 3: Since the number is positive, go to step 4. 

Step 4: Find the decimal equivalent. 

1100111 = 1 x 2 6 +l x 2 5 + 0x2 4 + 0x2 3 + 1 x2 2 +l x2' + 1 x2° 

= 64 + 32 + 4 + 2+1 


= 103 

Hence, the decimal equivalent of (01100111 ) 2 = (+103)i 0 


(c) Step 1: Check the sign of the given number. 

The most significant bit of the given number is 1; the sign of the number 
negative. 

Step 2: Find the l’s complement of the number. 

l’s complement of (10101011) 2 = 01010100 
Step 3: Find the 2’s complement of the number. 

01010100 
+ 1 
01010101 

Step 4: Find the decimal equivalent. 

1010101 = 1 x2 6 + 0 x 2 5 + 1 x2 4 + 0 x 2 3 + 1 x2 2 + 0 x 2 1 + 1 x2° 
= 64+16 + 4+1 
= 85 

Hence, the decimal equivalent of (10101011) 2 = (-85) 10 








s 


oriwvr- . partdes^— 

SST h dec imal number 51729-739 is represented in scientific n0 ( a( . 

F fSS’xlO^’ where 

35+5 Mantissa: ^ l729?39 

Exponent: +04 (Q be aftxe d point fraction^This repre sentati 

Here, the mantissa is consW as a fraction 10 times by an exponent. 

is equivalent to the number J ^ by the scientific notation known* 

Similarly binary nuffl ^ of num ber. The floating point representation of, 
the floating point represent ^ ^ represents a signed, fixed point numb* 

numberconsists of wo pan . ^ designates the position of the binary 

called the mantissa (mi > fixed point man tissa may be a fractio nor 

point and is called the exponen l )■ 

“SZ°P' »i«“—"r ,,,e “ l> “ 

. u ■ „ KitHpfined asr=Oforpositive numbers and S'= 1 for negative 

mg' «f * ■”*«• b,as « 

tenumto ofb llS i«bi»» 7 .Then» m be,ofb ffi ,su se <i,odete». 
Z*c«r X , of the system. IEEE has deftned two floating potn, standatds olid 

as single precision and double precision. . 

In single precision, the word size of the floating point number is 32-b.ts and 
127 is the bias. The format of single precision floating point number is shown in 
Fig. 2.1. Out of these 32-bits. MSB (D M ) is used for sign, LSB 23-bits (D 21 XoD<i 
are used for significant and 8 -bits (£>30 to D 22 ) are used for bias exponent. 


Dv 


D 2 : 


Do 


Bias exp. 


Significant 


Fig. 2.1 Format of single precision floating point number 

Let us consider the example of a decimal number 44.25. Its binar) 
representation is 

( 4 4 . 25) 10 = 101100.01 
= 1.0110001 x 2 s 

,0 23 ' bits signif,cant value by putting zeros 10 * 


Using the conversion techniques, its binary representation is 
Bias exponent = 10000100 

The number is positive, hence the sign bit is 0, and the single precision floating 
point representation of the given number is:__ 


10000100 


10110001000000000000000 


In double precision, the word size of the floating point number is 64-bits and 
256 is the bias. The format of double precision floating point number is shown in 
Fig. 2.2. Out of these 64-bits, MSB (D 63 ) is used for sign, LSB 52-bits (D 51 to D 0 ) 
are used for significant and 11-bits (D 62 to D 52 ) are used for bias exponent. 


D 6 ; 


Bias exp. 


Significant 


Fig. 2.2 Format of double precision floating point number 


Let us consider the example of a decimal number 144.125. Its binary 
representation is 

(144.125) 10 = 10010000.001 

= 1.0010000001 x2 7 

The mantissa is converted to 52-bits significant value by putting zeros to the 
right side of the number as 

Significant =10010000001000000000000000000000000(XX)0(KXXX)00000000 
The bias exponent is the sum of exponent value 7 and bias 256. It is given as 
Bias exponent = 5 + 256 = (261) 10 

Using the conversion techniques, its 11-bits binary representation is 
Bias exponent = 00100000111 

The number is negaitive, hence the sign bit is 1, and the double precision floating 
point representation of the given number is: 

|l |ooioooooi 11 1 looiocxxxxiiixxxxxxxiot^ 


2.6 BIN ARY ARITHMETIC _ 

The computer is a digital system that supports various arithmetic operations. It 
performs addition, subtraction, multiplication, and division over the binary data 
To learn the basic circuits of a digital system, it is necessary to study binary 


















the addition of decimal numbers. Only four cases occur in the addition of tv /.% 
bits. 

0 + 0 = 0, 0+1 = 1, 1+0=1, and 1 + 1 = 10 , i.e. the sum = 0 and carry . 

The rules of binary addition are given in Table 2.4. 


Table 2.4 Sum of Binary bits 


A 

B 

Sum 

Carry 

0 

0 

0 

0 

0 

1 

1 

0 

1 

0 

1 

0 

1 

1 

0 

1 


When the binary numbers are more than one bit, the addition takes place bit b 
bit, which starts from left side. The carry of the previous sum is added to the next 
bit addition. 

For example, 10110111 ♦ A 

+01110101 4B 

1110111 ♦ Carry 

100101100 


2.6.2 Binary Subtraction 

The subtraction of two binary numbers is performed exactly in the same manneras 
the subtraction of decimal numbers. Only four cases occur in the subtraction of 
two binary bits. 

0-0 = 0,0-1=-1,1-0=1, and 1 - 1=0 

In 0 -1 = -1, the result is negative. It indicates that the second number is greater 
than the first one. Similar to decimal number system, a borrow is generated. 
The rules of binary subtraction are given in Table 2.5. 

Table 2.5 Binary subtraction 



For example, 10 10 0 111 ♦ A 

-01110101 ♦B 

111 ♦ Borrow 

00110010 

2.6.3 Binary Multiplication 

The binary multiplication is similar to the decimal multiplication. If the multiplier 
bit is 1, then the partial product is same as the multiplicand. If the multiplier bit is 
0 , then the partial product is 0 . 

Consider the example: 1010 x 1001 

10 10 4 multiplicand 
x 1 0 0 1 ♦ multiplier 




1 

0 

1 

0 


0 

0 

0 

0 

- 

0 

0 

0 

0 

- 

- 

1 0 

1 

0 

- 

- 

- 

1 0 

1 

1 

0 

1 

0 


2.6.4 Binary Division 

The binary division is same as the decimal division. Binary division has two results, 
i.e. quotient and remainder. Let us consider the example: 10011011 is divided 
by 100. 


1 

0 

0 

1 

1 

0 


1 0 0 

1 

0 

0 

1 

1 

0 

1 1 


1 

0 

0 





0 

0 

0 

1 

1 

0 





1 

0 

0 





0 

1 

0 

1 





1 

0 

0 





0 

0 

1 1 


The quotient is 100011 and the remainder is 11. 

Example 2.17 Find the addition of the following binary numbers. 

(a) 10110101 and 10100011 

(b) 10110001 and 001 10111 






























2 n ~ l - 1 > y ana n = j 

Step 2: Vs complement representation of (+8) = o 1 Qoo 
l’scomplement representation of (-9) = ]’ s co 
= l’s complement of (01001) ertle nt 

= 10110 

Step 3: Binary addition: 

01000 ♦A 
+10110 ♦B 
11110 


The most significant bit is 1, so the answer is negative, 
l’s complement form. 


itis, 


Result =-(00001) = -! 


(jjj) Addition of two negative numbers: 

(- 8 ) + (- 9 ) = -17 


Step 1: Find the number of bits required to represent the number. 

2"" 1 - 1 > max (8,9, 17) 

2"~ 1 -1>17 and n = 6 

Step2: l’s complement representation of (-8) = l’s complementof(+! 
= l’s complement of (001000) 

= 110111 

1 ’s complement representation of (-9) = 1 ’s complement of (4 
= 1’ s complement of (001001) 

= 110110 

Step 3: Binary addition: 

110111 ♦A 

+ 110110 ♦B 

111 ♦ Cany 

1101101 

* > 1 ♦ Carry is added 

101110 ~ 

The most significant bit is 1, so the answer is negative,*' 
l’s complement form. 


••• Result = -(010001) = -17 


to the addition of l’s complement of B to A i.e 
B. The algorithm for binary subtraction using 


= A + I S cumpi' 
1’S complements is: 


1 . Find the number of bits required to represent the sign number. The number 

of bits required to represent the sign number is n, such that g 

than or equal to the maximum of the magnitude of A; A - 

2. Find the l’s complement of the subtrahend. 

3 . Add A and the 1’ s complement of B . 

4 . Check the carry, if the carry is generated, add the carry in LSB position an 
take the l’s complement of the result. 


If the MSB of result is 1, then the answer is negative; it is in l’s complement 
form. If the MSB is 0, then the answer is positive and in true form. 


Consider the following examples. 

(i) 8 - 9 = -l 

8-9 = 8 + l’s complement of 9 

Step 1: Find the number of bits required to represent the number. 
2 ” -1 - 1 > max( 8 , 9, 1) 

2 n_1 - 1 > 9 and n = 5 


Step 2: l’s complement of (+9) = l’s complement of (01001) 

= 10110 

Step 3: Binary addition: 

01000 ♦A 

/■ 

+ 10 110 ♦ l’s complement of B 

Tl 1 1 0 

The most significant bit is 1, the answer is negative, and it is in V s 
complement form. 

Result =-(00001 ) = -l 

(ii) 9-8 = 1 

9 - 8 = 9 + l’s complement of 8 

Step 1: Find the number of bits required to represent the number. 

2"' 1 - 1 > max(8,9,1) 

2 n -‘-l>9 and n = 5 

Step 2: Vs complement representation of (+9) = 01001 

l’s complement of (+8) = l’s complement of (01000) 

= 10111 











— - _♦ Carry is added 

0000 1 


The most significant bit is 0, the answer is n, 
form. P0s,tiv e,and 

••• Result = (00001) = i “ ls >% 


2.7.2 2's Complement Arithmetic 

Addition 


The addition of sign-binary numbers takes 
algorithm for sign binary number addition using T^Z**?* C ° m P |e me m , 
Consider/! and B are two sign numbers. m Plement is g j Ve|) ^ 


1. Rnd the number of bits required to represent, he • 

complement. P "* ° f ‘ hC Same number b y adding , Jg 

4. Find the binary addition. 

5. Discard the carry, if it is generated 

Consider the following examples. 

(0 S+TlTj^ tW ° P ° SitiVe numb crs: 

2 «" d thC ” Umb " of blts required to represent the number. 

4 - 1 >max( 8 , 9, 17) 

2” 1 - 1 > 17 and n = 6 

Step 2 : 1 s complement representation of (+8) = 001000 
I s complement representation of (+ 9 ) = 001 

SP ' 2 > S com P ,em em representation of (+8) = 0 01000 

step 4. Binary addition: 

001000 ♦A 
+001001 ♦B 
-J_♦ Carry 

o±oooi 


Result = +minnnnl bU ,n °’ S0 the s, 8 n of the number is positive 


8 + (—9) = — 1 

Step 1: Find the number of bits required to represent the number 
2" -1 - 1 > max(8, 9, 1) 

2 n ~ 1 - 1 > 9 and n = 5 

Step 2: l’s complement representation of (+8) = 01000 

1 ’s complement representation of (-9) = l’s complement of (+9) 

= l’s complement of (01001) 

= 10110 

Step 3: 2’s complement representation of (+8) = 01000 

2’s complement representation of (-9) =10110+1 

= 10111 

Step 4: Binary addition: 

01000 ♦A 
+10111 ♦B 
11111 

The most significant bit is 1, the answer is negative, and it is in 2’s 
complement form. 

Result = -2’s complement of (11111 ) 

= ~ 1 ’ s complement of (11111) + l 
= -( 00000 )+ 1 
= -l 

Addition of two negative numbers: 

(-8) +(-9) = -17 

Step 1: Find the number of bits required to represent the number. 

2" 1 - 1 > max (8, 9, 17) 

2 ,,-1 -l>17 and n = 6 

Step2: l’s complement representation of (-8) = l’s complement of (+8) 
= l’s complement of (001000) 

= 110111 

1 ’s complement representation of (-9) = l’s complement of (+9) 

- 1 s complement of (001001) 

= 110110 

Ste P 3: 2 ’s complement representation of (-8)= l’s complement of (+8) + 1 

- 1 s complement of (001000) + 1 
= 110111 + 1 









Step 4: Binary addition: 

111000 ♦A 

+110111 ♦B 

Xl 0 1 1 1 1 ♦ Discard the carry 

The most significant bit is 1, the answer is neeat 
complement form. 1Ve; andit^ 

Result = -2’s complement of (101111) 

= -l’s complement (101111) + l 
= -( 010000 )+ 1 
= -(010001) 

= -17 


Subtraction 

The subtraction of a binary number B from another binary number A iseo 1 
to the addition of the 2’s complement of B with A, i.e. ( A-B ) =A + 2’s complex 
of B. The algorithm for binary subtraction using 2’s complement is as folloJ 

1. Find the number of bits required to represent the sign number. 

The number of bits required to represent the sign-binary number is n sr 
that 2 n ~ l - 1 is greater than or equal to the maximum of the magnitude 
A\B\A-B. 


2. Find the 1 ’s complement of the subtrahend by replacing 0 by 1 and 1 b) 

3. Find the 2’s complement ofthe subtrahend by adding 1 tothe l’scomplemt: 

4. Add these numbers using binary addition. 

5. Discard the carry, if it is generated. 

If MSB of the result is 1, then the answer is negative; it is in 2’s complerc 
form. If the MSB is 0, then the answer is positive; it is in true form. 


Consider the following examples. 

(i) 8 - 9 = -1 

8 - 9 = 8 + 2’s complement of 9 

Step 1: Find the number of bits required to represent the number. 
2"' 1 - 1 >max(8,9,1) 

2"" 1 - 1 > 9 and n = 5 


Step 2. 1 s complement of (+9) = 1 ’s complement of (01001) 

= 10110 

Step 3: 2’s complement of (+9) = 1 ’ s complement of (+9) + • 

= 1 ’s complement of (01001) + * 
= 10110+ l 


Step 4: Binary addition. 

01000 ♦ A 

+ 10111 ♦ 2’ s complement of B 

11111~ 

The most significant bit is 1, the answer is negative, and it is in 2 
complement form. 

Result = -2’s complement of (.11 111) 

= -l’s complement of (11111)+* 1 
= -( 00000 ) + 1 
= -( 00001 ) 

= -l 

(ii) 9-8=1 

9 _ 8 = 9 + l’s complement of 8 

Step 1: Find the number of bits required to represent the number. 

2"-' - 1 > max (8,9,1) 

2 n_1 - 1 > 9 and n- 5 

Step 2: l’s complement of (+8) = l’s complement of (01000) 

= 10111 

Step 3: 2’s complement of (+8) = l’s complement of (+8) + 1 

= l’s complement of (01000) + 1 
= 10111+1 
= 11000 

Step 4: Binary addition: 

01001 ♦A 

+ 110 0 0 ♦ 2’s complement of B 
1 ♦ Carry 

*0 0 0 0 1 ♦ Discard the carry 


The MSB is 0, the answer is positive, and it is in true form. 

Result =(00001)= 1 

Example 2.21 Perform the following operations by using l’s complement 
method. 

(a) 42 - 22 (b) 20 - 42 (c) -42 - 20 

Solution 
(a) 42-22 = 20 

42 - 22 = 42 + 1’ s complement of 22 

Step 1: Find the number of bits required to represent the number: 

2”" 1 - 1 > max(42, 20, 22) 

2" _l - 1 > 42 and n = 7 








+ 1 1 0 I 0 0 1 ♦ l’s complement of B 

Too 1 00 1 1 

0 0 10 10 0 

The MSB is 0, the answer is positive, and it is in true f 0 
... Result = +(0010100) = +20 

(b) 20 - 42 = - 22 

20-42 = 20 + l’s complement of 42 

Step 1: Find the number of bits required to represent the number: 

2"-' - 1 > max(20,42, 22) 

2"- ] - 1 > 42 and n = 7 

Step2: l’s complement of (+42) = l's complement of (0101010) 

= 1010101 

Step 3: Binary addition: 

0010100 ♦A 

+ 1010101 ♦ l’s complement of B 

1101001 

The MSB is 1, the answer is negative, and it is in complement fort 
Result = -1’ s complement of (1101001) 

= -( 0010110 ) 

= -22 

(c) -42-20 = -62 

Step 1: Find the number of bits required to represent the number. 

2"-' - 1 > max(42,20, 62) 

2 n ~ ] - 1 > 62 and n = 7 

Step2: l’s complement representation of (-42)= l’s complement of (+*■ 
= 1 ’s complement of (0101010) 

=1010101 

1 s complement representation of (-20) = l’s complement of l + - 
= 1’ s complement of (0010100) 

= 1101011 


+1101011 ♦B 
111111 ♦ Carry 

1 1000000 

1-> 1 ♦ Carry is added 

Toopooi 

The MSB is 1, the answer is negative, and it is in 1 ’ s complement 
form. 

Result = —l’s complement of (1000001) 

= -( 0111110 ) 

= -62 

Examples 2.22 Perform the following operations by using 2’s complement 
method. 

(a) 46-23 (b) 23 - 46 (c)-46-25 

Solution 

(a) 46-23 = 23 

46 - 23 = 46 + l’s complement of 23 

Step 1: Find the number of bits required to represent the number. 

2 n_1 - 1 > max(46,23,23) 

2 n ~ x - 1 > 46 and n = 7 

Step 2: l’s complement of (+23) = l’s complement of (0010111) 

= 1101000 

Step 3: 2’s complement of (+23) = l’s complement of (+23) + 1 

= l’s complement of (0010111) + 1 
= 1101000+1 
= 1101001 

Step 4: Binary addition: 

0101110 ♦A 

+ 110 10 0 1 ♦ 2’s complement of B 
11 ♦ Carry 

*00101 1 1 ♦ Discard the carry 
The MSB is 0, the answer is positive, and it is in true form. 

/. Result = (0010111) 

= +23 

(b) 23-46 = -23 

23 - 46 = 23 + 2’s complement of 46 

Step 1: Find the number of bits required to represent the number. 
T~ x - 1 > maxm 46 23) 













=1010001 +1 
= 1010010 


Willi 



C up4: Binary addition: 

' 0010111 + A 

+ 1010010 ♦ 2’s complement of B 

"TTol 00 1 


The MSB is 1, so the answer is negative and it is in 2’ s 
form. 

• Result = -2’s complement of (1101001) 


COm Pler^ 


= —l’scomplement of (1101001)+ l 


= -( 0010110 )+ 1 
= -( 0010111 ) 

= -23 


(c) -46 - 25 = -71 

(_46)+ (-25) = -71 

Step 1: Find the number of bits required to represent the number. 

2"' 1 -1 > max(46,25,71) 

2" _1 — 1 > 71 and w = 8 

Step 2: l’s complement representation of (- 46) = 1’ s complement ofi+i 
= 1 ’s complement of (00101110) 

= 11010001 

1 ’s complement representation of (-25) = 1’ s complement of (+2 
= 1 ’s complement of (00011001) 

= 11100110 

Step3: 2’s complement representation of (-46) = l’s complement! 
M6) + 1 

= 1 ’s complement of (00101110) + 1 
= 11010001 + 1 
= 11010010 

(+25) 0 +T lement representation of (-25) = l’s complement [ 

=i'uS“ n,Of<00011 ® 1) + 1 

= 11100111 


11010010 ♦A 
+11100111 ♦B 

1 11 ♦ Carry 

£10111001 ♦ Discard the carry 

The MSB is 1, the answer is negative, and it is in 2’s complement 
form. 

Result =-2’s complement of (10111001) 

= —l’s complement of (10111001) + 1 
= -( 01000110 )+ 1 
= -(01000111) = -71 


2.8 ARITHMETIC OVERFLOW 

When we add two positive or negative binary numbers and the result exceeds the 
original length of the number, it is known as overflow result. Overflow causes a 
sign change. Let us consider the examples of the sum of two positive binary numbers 
as Case 1 and the sum of two negative binary numbers as Case 2. 

Case 1: Sum of two positive numbers 

Consider the sum of+125 and +75 

+ 125 0 1 1 1 1 10 1 

+ 75 0 10 0 10 1 1 

_ 1 1 1 1 1 1 1 

+ 200 1 100 1000 

As the decimal sum of+125 and +75 is +200; the length of the number is 8-bit, 
the result is 9-bit and an overflow occurs. This overflow changes the sign of the 
result and the answer is wrong. Result shows that the sum of two positive numbers 
is negative, which is wrong. 

Case 2: Sum of two negative numbers 

Consider the sum of -61 and -43 

-61 1011110 1 
-43 10101011 

___ 111111 

-104 101 101000 

As the decimal sum of-61 and -43 is -104, the length of the number is 8-bit, 
the result is 9-bit and an overflow occurs. 
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transmit the data efficiently. 

29 1 Classification of Codes 

r'lmouters recognize binaiy data. The digital data as an input to the machj 
alphabets, numbers, punctuations, and special characters. These numbers, 
punctuations and control characters should be represented by unique c 0m A 
of l and 0. These combinations of 1 and 0 are referred as the code f or ; nfo > 
■ 3 is transmitted over a long distance, it is transmitted i n ' 


°v 


When the data is transmitted ovei a iun B uiauu^c, n is iransmitted i n t ^ 
code-words. During the transmission process, errors may be introduced. 7 ^ 
and correct the errors, special codes are used in digital communication. ^ 

The commonly used binary codes are classified as. 

1. Weighted codes 

2. Self-complementary codes 

3. Unit distance codes 

4. Alphanumericalcodes 

5. Cyclic codes 

6. Error detecting and correcting codes 

Weighted codes 

In weighted codes, the weight of a digit ora bit depends on its position For exam* 
in decimal code 589, the weight of 5 is 500, weight of 8 is 80, and weight of 
Similarly in binary code, the value of 1 depends on its position. Binaiy, BCD 8-4-2- 

and 2-4-2-1 are the examples of weighted codes which will be discussed inth 
next section. 

Self-complementary codes 

complement nfil^ £Xamp * e °f self-complementary code. In this code, the I 
“ dC ls ,he « tor .he 9-S comple- 

the I’scomplemfntSiriO^r T Ple ’ theeXCCSS ' 3 codefor2is01 J 

implement of 2. Excess-4 , a ° •?.' 1 eXCess ’ 3 code of 7 and 7 is lhc9 ' 

... C ° e Wl I be discussed in detail in the next section. 

Un 't distance codes 

name itself indicates that thp ■ 

a 'is, the bit patterns fortwnr ^ ' S unud ' stance between two consecutive codes 
cay code is an example of unit " Secut ' ve nu mbers differ in only one bit positi® 
n e next section. ance code - Gray code will be discussed in ^ 


aipiianuin>-x v --- 

Interchange) and EBCDIC (Extended Binary Coded Decimal Interchange Code) 
are commonly used alphanumerical codes. ASCII and EBCDIC codes will be 
discussed in detail in the next section. 

Error detecting and correcting codes 

When information in digital form is transmitted to a long distance, errors may get 
introduced and 1 becomes 0 and 0 becomes 1. Special codes are used to detect and 
correct such errors. Parity and Hamming codes are commonly used for error 
detection and correction. 

2.9.2 Binary Coded Decimal Code (BCD CODE) 

It is a 4-bit binary coded decimal number. Each digit of the decimal number is 
represented by four-bits, the digit 0 in BCD is represented as 0000 and the digit 9 
is represented as 1001. The BCD codes of 0 to 9 are given in Table 2.6. 


Table 2.6 BCD codes 


Decimal 

Digit 


BCD Code 

n 


B 2 

B, 

B 0 


0 

0 

0 

0 

0 


1 

0 

0 

0 

1 


2 

0 

0 

1 

0 


3 

0 

0 

1 

1 


4 

0 

1 

0 

0 


5 

0 

1 

0 

l 


6 

0 

1 

1 

0 


7 

0 

1 

i 

l 


8 

1 

0 

0 

0 


9 

1 

0 

0 

1 



The codes, 1010,1011,1100,1101,1110, and 1111 are invalid. The weights of 
^3’ Bit d\, and Bq are 8, 4, 2, and 1. Hence, BCD code is also known as 8-4-2-1 
code. 


An N digit decimal number is represented by 4 x N bits in BCD code.The BCD 
code of (15) 10 is 00010101, and the binary code of (15) 10 is (1111) 2 . The BCD 
code of (15) jo is eight bits and the binary code of (15 )iq is four bits; it shows that 
the BCD code is not efficient as compared to binary. The BCD code requires more 
space and time to transmit the information. The arithmetic of BCD code is also 
complex. A few examples are given below. 

(i) Decimal 2 6 

BCD eqi valent 0010 0110 

(ii) Decimal 8 6 


7 













After the addition of two BCD codes, the result may be an i nv 
BCD If the result is invalid, it is converted into a valid BCD by ad *' 1(1 «r, 
(6) l0 for the 4-bit addition. If carry is generated after the addition ofTn (0, f 
added to the next bit. lOj^ 

Algorithm for BCD addition: 

1. Convert the decimal numbers into their equivalent BCD c 0 d es 

2. Add the BCD numbers using the rules of binary addition. 

3. Check the result. If it is valid (less than or equal to 9), no correction 
and if the result is invalid (greater than 9), go to the next sten!^ 
stop. 

4. Add 0110 to the 4-bit sum to get the correct result. 


'erv 


(i) Addition of 5 and 3 in BCD 

5 
+ 3 
8 


4 B CD code of j 

♦ BCD code of] 

♦ Carry 

_ ♦ BCDcodeofj 

The addition of two BCD numbers, 0101 and 0011, is carried out using b ir 
addition and the sum, 1000, is obtained which is the BCD code for 8. 


0101 
00 1 1 
1 1 1 
1000 


(ii) Addition of 8 and 5 in BCD 

8 
+ 5 


13 


100 0 ♦ BCD code of! 
0 10 1 ♦ BCD code of) 
1101 ♦ Invalid BCDdi 


(1101 ) 2 is the binary equivalent of 13 in decimal. It is an invalid BCDcoi 
It can be corrected by the addition of (0110) to the invalid BCD result 

1101 ♦ Invalid BCD 
+ 0110 
1 ♦ Carry 

00010011 ♦ BCD code of 13 


(iii) Addition of 7 and 9 in BCD 

7 
+ 9 
16 


♦ BCD code of7 

♦ BCD code of 9 


0111 
1001 
1 1 1 ♦ Carry 






1 uuuu 
+ 0 110 


000 10 1 10 ♦ BCD code of 16 

Example 2.23 Perform the addition of the following numbers in BCD 

(8-4-2-1): 

(i)8 + 7 (ii) 3 + 4 (ni)8 + 9 


Solution 


(i) 8 

1 000 

(ii) 

3 

00 1 1 

+ 7 

+ 0111 


+ 4 

+ 0 100 

15 

1 1 1 1 

♦ Invalid BCD code 

~T~ 

0 111 


+ 0110 

Add 6 




000 10 10 1 

♦ BCD code of 15 



(iii) 8 

1 000 




+ 9 

+ 1001 




17 

10001 

♦ Invalid BCD code 




+ 0110 

Add 6 




0 0 01 0 111 ♦ BCD code of 17 


Example 2.24 

Perform the addition of the following numbers in BCD 

(8-4-2-1): 

(i) 15 + 24 

(ii) 19 + 22 


(iii) 91+81 

Solution 

(i) 15 

0001 

0101 

♦ BCD code of 15 

+ 14 

001 

0100 

♦ BCD code of 14 

29 

1 

1 

♦ Carry 


0010 

1001 

♦ BCD code of 29 

(ii) 19 

0001 

1001 

♦ BCD code of 19 

+ 22 

+ 0010 

0010 

♦ BCD code of 22 

41 

001 1 

1011 

♦ Invalid BCD code 


+ 

0110 

♦ Add 6 


111 

11 

♦ Carry 


0100 

0001 

♦ BCD code of 41 






































I U U U 1 
+ 0110 


000 10 111 


Ul,, ° ♦ ^conddi Kiti . 
0000 ♦ Add6to2 8 S o S ' nVali % 
BCDcod. 


Example 2.25 Perform the addition of the followi 


(8-4-2-1) 

(i) 191 + 171 


,n 8 n um bl 


Solution 


(i) 


191 
+ 171 
362 


000 1 
+ 000 1 
1 1 


(ii) 917 + 215 

1 00 1 
0 111 
1 11 


er s 


'H 


00 1 1 


0000 


0001 
000 1 

1_ 

~ooTcT 


♦ BCD 


co <leoi 


:£Sl 


Since carry is propagated from the second digit, the se 
invalid BCD. Add 6 to the second digit to correct the result 


(ii) 



00 1 1 

0000 

00 1 o 


+ 

0 110 

♦ Add 6 


00 1 1 

0 110 

00 10 ♦ BCD code nil 




v vuc 0] v 

i 917 

100 1 

000 1 

0 111 ♦ BCD code ofj 

+ 215 

+ 00 1 0 

0001 

0 10 1 « BCD code off 

1132 


1 

111 4 Carry 


10 11 

00 1 0 

11004 BCD code 

The first 

and third digits are invalid BCD. Add 6 to both the digits. 


1011 

00 1 0 

1 1 00 


+ 0110 


0 110 ♦ Add 6 


1 1 


1 ♦ Carry 

i 

0001 

00 1 0 

10010 ♦ Propagate thee 

0001 

0001 

00 1 1 

00 10 ♦ BCDcodeofi 


BCD Subtraction The subtraction of numbers is nothing but an additions 
second negative number with the first number, i.e., 

A-£ = A + (-£) 

In other words, the subtraction of numbers is the addition of a signed nun 
The addition of signed BCD numbers can be performed using 9’s or 1 O’ s con# 
The negative BCD number can be expressed by the 9’s or 10’s complemen' 1 ’ 
CD number. The subtraction of two BCD numbers, B from A, is equivalent 
a ltion of 9 s or 10’s complement of B with the BCD number A. 

A - B = A + C 

(i) us j ne a\ p 0 ' * ( ! S com P* ement of B. There are two methods of BCD subtr* 
' using 9 s complement and (ii) using 10’s complement. 


(i) BCD subtraction using 9’s complement Subtraction ot tne seconu 

f/om the first number is the addition of 9’s complement of the second number w 

the first number. The 9’s complement of a decimal number ts obtained b>' 

fach digit of the decimal number from 9. The 9’s complements of the decimal 


digits are given in Table 2.7. 


Table 2.7 9's complement of decimal digits 


Decimal Digit 

9's complement 

Decimal Digit 

9's complement j 

0 

9 

5 

4 

1 

8 

6 

3 

2 

7 

7 

2 

3 

6 

8 

1 

4 

5 

9 

0 


Algorithm for BCD subtraction using 9’s complement: 

(i) Find the 9’s complement of the subtractor. 

(ii) Perform BCD addition of the first number with the 9’s complement of the 
second number. 

(iii) If carry is generated, then the result is positive. Add the carry to the result to 
get the correct result. If carry is not generated, then the result is negative 
and it is in 9’s complement form. 

Let us look at a few examples. 

(a) 8-3 (b) 4-1 

8_3 = 8 + (9’s complement of 3) 4-1 =4 +(9’s complement of 1) 

=8+6 =4+8 


10 0 0 ♦ BCD code of 8 
+ 0110 ♦ BCD code of 6 
1110 ♦ Invalid BCD 
+ 1 1 0 ♦ Add 6 

1 1 

10100 

I-> 1 ♦ Add the carry to LSB 

0 10 1 ♦ BCD code of 5 


0 10 0 ♦ BCD code of 4 
+ 10 0 0 ♦ BCD code of 8 
110 0 ♦ Invalid BCD code 
+ 110 ♦ Add 6 
1 

10010 

1-> 1 ♦ Add the carry to LSB 

0 0 11 ♦ BCD code of 3 


(c) 


3-8 

3-8 = 3 + (9’s complement of 8) 
= 3+1 

0 0 11 ♦ BCD code of 3 
+ 0001 ♦ BCD code of 1 
1 1 ♦ Carry 

_ 0 1 00 ♦ It is 9’s complement 
of 5. 

Carry is not generated, the result i 
negative. 

Result =-5 


(d) 1-4 

1 - 4 = 1 + (9’s complement of 4) 

= 1+5 

0 0 01 ♦ BCD code of 1 
+ 0101 ♦ BCD code of 5 
1 ♦ Carry 

0 I 1 0 ♦ It is 9’s complement 
of 3. 

5 Carry is not generated, the result 
is negative. 

Result = -3 









































Table 2.8 9's and 10's complements of decimal digits 


Decimal 

digit 

9's 

complement 

10's 

complement 

Decimal 

digit 

9's 

complement 


0 

9 

10 

5 

4 

- 

1 

8 

9 

6 

3 

4 

2 

7 

8 

7 

2 

1 

3 

6 

7 

8 

1 

2 

4 

5 

6 

9 

0 

l 


Algorithm for BCD subtraction using 10’s complement: 

1. Find the 9’s complement of the subtractor. 

2. Find the 10’s complement [i.e., 9’s complement + 1]. 

3. Perform BCD addition of the first number and 10’s complement of the seco^ 
number. 

4. If carry is not generated, then the result is negative, and it is i n jq. 
complement form. If carry is generated, then the result is positive, discard 
the carry to get the correct result. 

Let us look at a few examples. 

(a) (8 - 3) = 8 + (10’s complement of 3) 

= 8 + (9’s complement of 3 + 1) = 8 + 7 

10 00 ♦ BCD code of 8 
+ 0111 ♦ BCD code of 7 
1111 ♦ Invalid BCD code 

+ 110 ♦ Add 6 
1 1 ♦ Cany 

X0 1 0 1 ♦ Discard the carry 

0101 ♦ BCD code of 5 

(b) (4- 1) = 4+ (10’s complement of 1) 

= 4 + (9’s complement of 1 + 1) =4 + 9 

0100 ♦ BCD code of 4 
+ 10 01 ♦ BCD code of 9 
1101 ♦ Invalid BCD code 
+ HO ♦ Add6 
1 ♦ Carry 

*0011 ♦ Discard the carry 
0011 ♦BCD code of 3 


+ 0010 ♦ BCD code of 2 

0 10 1 ♦ 10 ’s complement of 5 

Carry is not generated, hence the result is negative. 
Result =-5 

(( j) (1 _4) = (1 + 10’s complement of 4) 

= 1 + (9’s complement of 4 + 1) = 1 + 6 

0 0 0 1 ♦ BCD code of 1 

+ 0110 ♦ BCD code of 6 

0 111 ♦ 10’s complement of 3 


Carry is not generated, the result is negative. 
Result = -3 


Example 2.26 

complement. 

(a) 8-4 


Perform the following subtractions of BCD numbers using 9 s 
(b) 4-8 (c) 68-24 (d) 24-68 


Solution 

(a) (8 _ 4) = 8 + (9’s complement of 4) 

= 8 + 5 

10 0 0 ♦ BCD code of 8 
+ 0101 ♦ BCD code of 5 

110 1 ♦ Invalid BCD code 

+ 0110 ♦ Add 6 
1 ♦ Carry 

10011 

1->1 ♦ Add the carry 

1 1 ♦ Carry 

0 10 0 ♦ BCD code of 4 


(b) (4 - 8) = 4 + (9’s complement of 8) 

= 4+1 

0 10 0 ♦ BCD code of 4 
+ 000 1 ♦ BCD code of 1 
0101 ♦ 9’s complement of 4 


Carry is not generated, the result is negative. 
Result =-4 





























no, 1*01 ♦ Botn me digits are i nva | id 

+ 0110 0110 ♦ Add 6 to each digit BC \ 

j i ♦ Carry 


10011 

10011 

1_ > 1 

L-> 1 ♦ Add the carry 

11 

1 1 ♦ Carry 

0100 

010 0 ♦ BCD code of 44 

(d) (24 - 68) = 24 + (9’s complement of 68) 

= 24 + 31 

0010 

0100 ♦ BCD code of 24 

+ 001 1 

00 0 1 ♦ BCD code of 31 

0101 

010 1 ♦ 9’s complement of 44 


Carry is not generated, the result is negative. 
Result = -44 


Example 2.27 Perform the following subtractions of BCD numbers 
10’s complement. 

(a) 8-4 (b) 4-8 (c) 68-24 


5 USlfl; 

(d) 24-68 


Solution 


(a) (8-4) = 8 + (10’s complement of 4) 

= 8 + (9’s complement of 4 + 1) 
= 8 + 6 


1 000 ♦ BCD code of 8 
+ 0110 ♦ BCD code of 6 
1110 ♦ Invalid BCD 
+ 1 1 0 ♦ Add 6 
* * ♦ Carry 

0 ♦ Discard the carry to get the correct result 
—2-L2IL ♦ BCD code of 4 

(b) (4- 8) = 4 + (10’s complement of 8) 

= 4 + (9’s complement of 8+ n 
= 4 + 2 ' 


Carry is not generated, the result is negative. 
Result =-4 


( C ) (68-24) = 68+ (10’s complement of 24) 

= 68 + (9’s complement of 24 + 1) 
= 68 + 76 


0 110 

1000 

♦ BCD code of 68 

+ 0111 

0 110 

♦ BCD code of 76 

1 1 


♦ Carry 

110 1 

1110 

♦ Invalid BCD code 

+ 

0 110 

♦ Add 6 


11 

♦ Carry 

110 1 

10 100 

♦ Propagate carry 

1 <— 

J 

♦ Propagate carry 

1110 

0 1 00 

♦ Invalid second digit 

+ 0110 


♦ Add 6 

11 


♦ Carry 

*0100 

0100 

♦ Discard the carry 

0 100 

0 100 

♦ BCD code of 44 

68) = 24 + (10’s complement of 68) 

= 24 + (9’s complement of 68 + 1) 

= 24 + 32 



0010 

0100 

♦ BCD code of 24 

+ 00 1 1 

00 10 

♦ BCD code of 32 

0101 

0 110 

♦ 10’s complement of 44 


Carry is not generated, the result is negative, and it is in 10’s complement 
form. 

9’s complement of 56 = 99 - 56 = 43 
10’s complement of 56 = 43 + 1 = 44 
Result = - 44 

2.9.3 2-4-2-1 Code 

This is a numeric code, where each digit of a decimal number is represented using 
lour bits. It is a weighted code, the weight of binary symbol 1 depends on its position. 
The weights of b 3 , b 2 , b h and b Q are 2,4,2, and 1, respectively. Thus, this code is 
referred to as 2-4-2-1 code. 

Decimal digits and their 2-4-2-1 codes are given in Table 2.9. 
























2.9.4 4-Bit BCD Codes 

There are various 4-bit codes of decimal digits. These codes are numeric codes, j, 
S each digit of a decimal number is represented by four bus as gi ven j, 
Jable 2.10. These codes are weighted codes, the weight of binary symbol 1 depend 

on its position. 


Table 2.10 Decimal digits and its 4-bit BCD codes 


Decimal digit 

7421 

6311 

5421 

5311 

5211 

4221 

3321 

0 

0000 

0000 

0000 

0000 

0000 

0000 

oooo 

1 

0001 

0001 

0001 

0001 

0001 

0001 

0001 

2 

0010 

0011 

0010 

0011 

0011 

0010 

0010 

3 

0011 

0100 

0011 

0111 

0101 

0011 

0011 

4 

0100 

0101 

0100 

0101 

0111 

1000 

0101 

5 

0101 

0111 

1000 

1000 

1000 

0111 

1010 

6 

0110 

1000 

1001 

1001 

1001 

1100 

1100 

7 

0111 

1001 

1010 

1011 

1011 

1101 

1101 

8 

1000 

1011 

1011 

1100 

1101 

1110 

1110 

9 

1001 

1100 

1100 

1101 

mi 

mi 

mi 


2.9.5 5-bit BCD Codes 

Similar to the 4-bit BCD code, each digit of decimal numbers can also be represented 
by five bits, and hence these codes are known as 5-bit BCD codes. 63210 is an 
example of 5-bit code, it is used for storing the data on magnetic tape. It is a weighted 
code (except for decimal digit 0). Every code group has two Is. This special 
characteristic of the code is useful for error detection. 

Two-out-of-five code is also an example of 5-bit code. It is used in communi' 
cations. It is a non-weighted code consisting of two Is in every code group. Johnson 
code and 51111 codes are a few more examples of 5-bit codes. Decimal digits and 
their 5-bit codes are given in Table 2.11. 


2 

3 

4 

5 

6 

7 

8 
9 


00101 
01001 
01010 
01100 
10001 
10010 
10100 
11000 


00110 

01001 

01010 

01100 

10001 

10010 

10100 

11000 


00111 

01111 

11111 

11110 

11100 

11000 

10000 


00111 

01111 

10000 

11000 

11100 

11110 

11111 


2 9.6 Biquinary Code 

. . . . 7 hit RCD code Each digit of a decimal number is represent y 

" 15 3 r'^^^^nb^d.v.ded into ,wo subgroups. Group 1 has 
Tbits (i!e! bit number B s ) and Group 2 has 5 bits (i.e., bit 

flXUchsubgroupconsistsofonlyone i.Thts code ts also known as 504321U 

code Decimal digits and their biquinary codes are given in Table 2.12. 



2.9.7 Excess-3 Code 

It is a modified BCD code. It is obtained by adding 3 to each digit of the decimal 
number and then, it is represented by a 4-bit binary code. 

For example, let us find out the excess-3 code of 9. 

1001 ♦ BCD code of 9 
0011 ♦ Add 3 
11 ♦ Carry 

1100 ♦ Excess-3 code of 9 


or, the excess-3 code of 9 = (9 + 3) )0 = (12)i 0 = (1100) 2 










































' B, 

Bo 

Ej 

E 2 


0 

0 

0 

0 

1 

0 

I 

0 

1 

0 

1 

0 

0 

1 

0 

1 

1 

0 

I 

1 

0 

0 

0 

1 

1 

0 

1 

1 

0 

0 

1 

0 

1 

0 

0 

I 

1 

1 

0 

I 

0 

0 

I 

0 

1 

0 

I 

I 

I 

0 


1 

0 

1 

0 

1 

0 

1 

0 

1 

0 


or by adding 1010 with its complement. Whereas in excess-3 code, the 
complement is obtained by the I’s complement of excess-3 code and hence, ’ eXces * 
code is called as self-complementing code. 

In excess-3 code, the A-digit decimal number is represented by (4xA0 bits F 
example, excess-3 code of (15), 0 is 0100J000 (number of bits = 4x2 = 8) fT 
binary code of (15), 0 is (1111 ) 2 . The excess-3 code of (15)„, needs eight bits a i 
the binary code of ( 15) I0 needs four bits only. This shows that the excess-3 cod ° 
not efficient as compared to binary. It requires more space and time to transmit th 
information. The arithmetic of excess-3 code is also complex. 

example 2.28 Find the BCD code and the 9’s complement for the following 
decimal numbers. ™ 


(a) 5 (b) 27 

Solution 

(a) BCDcodeof5is(0101) 

9 s complement of 5 = (i’s complement of 5) + 1010 

1 0 1 0 ♦ * 1 ’s complement of BCD 5 
+ 1010 

1 

* 0,0 ° ♦Discard the cany 
—♦ 9’s complement of BCD 5 
<b) ® CDcode of27is(001001J,) 

s complement of 27 -rtv 

~ s complement of 27)+ 1010 

= (11011000) +1010 


(c) 156 


XU 1 1 


1 AlKJ 1 U ♦ Discard the carry 

0 111 _ 0 0 10 ♦ 9’s complement of BCD 27 

(c) BCD code of 156 is (000101010110) 

9’s complement of 156 = l’s complement of 156 + 1010 
= ( 000101010110 )+ 1010 

1110 1010 1001 4 l’s complement of BCD 156 

+1010 1010 1010 

X0 100 *0 100 *00 11 4 Discard the carry 

1000 0100 0011 4 9’s complement of BCD 156 

Example 2.29 Find the excess-3 code and its 9’s complement for the following 
decimal numbers: 

(a) 4 (b) 56 (c) 812 

Solution 

(a) (4) 10 

0 10 0 ♦ BCD code of 4 
+ 0011 ♦ Add 3 

0 111 ♦ Excess-3 code of 4 

9’s complement of 4 = l’s complement of (0111) 

= 1000 

1000 is the excess-3 code of 5. 

(b) (56) 10 

0101 0110+ BCD code of 56 

0011 0011 ♦ Add 3 to each digit 

1 1 1 _ 1 1 ♦ Carry 

1000 _ 100 1 ♦ Excess-3 code of (56) 

1000 is the excess-3 code of 5 and 1001 is the excess-3 code of 6. 

9’s complement of 56 = l’s complement of (10001001) 

= 01110110 

(c) (812)i 0 

BCD code of 812 -+ 1000 0001 0010 

Add 3 to each digit -+0011 0011 0011 

1 1 1 

Excess-3 code of 812 -> 101 1 0 100 0 101 

9’s complement of 812 = l’s complement of (1 0 1 1 0 100 0101) 

=0100 1011 1010 

0100 is the excess-3 code of 1,1011 is the excess-3 code of8, and 1010 is 
the excess-3 code of 7. 




























T heGrayc° dcrep 


Gray ^ reorien tation of decimal numbers 


Decimal 

digit 


Decimal 

digit 


Gray code 


G 3 


7 o __lUL±-^— --- 

- ^^IZ^Zcodt for each decimal number, one can notice that only 

If we examine *eGOM» Qconsccutiwcligits . Fore xam ple .ifthedecimj 

in ebitoftheGtayc^echang ^ ^ changes from 010110 0 ioo ; there is 

:hange in leftmost bit only. This is the principle characteristic of the Gray code. 


Binary-to-Gray code conversion 

„ is difficult to remember the Gray code of each decimal number as compared* 

binary code Hence, write the binary code of the decimal number and then conveit 

it into Gray code by using binary-to-Gray code conversion technique. The 

generalized method of conversion for Af-bits binary to Gray is as follows: 

r -R (2.8) 

G n _i~dn-\ v ,0/ 

G n -2=B n -USB n -2 ( 29 ) 

G n -2=B n - 2®B n -\ ( 2 . 10 ) 


G 2 — B 3 0 B 2 
G) =Bj® B| 

g 0 = b ,® b 0 

For a 4-bit binary (fV=4) code, 

expressions: 


( 2 . 11 ) 

( 2 . 12 ) 

( 2 . 13 ) 

the Gray code is obtained by using the following 


G, = B } 
G 2=B 3 ®b 2 

g i =8 2 ©B| 
c o = B|®B 0 


( 2.10 

( 2 . 15 ) 

(2.1«) 

( 2 . 17 ) 


S 3 = 1, B 2 = 1. B, = 1, B 0 = 1 
G, = B 3 =1 

G 2 = B 3 © B 2 = 1 © 1 = 0 

Gi = B 2 © B, = 1 © 1 =0 

g 0 =b i ©b 0 =i©i=o 
Gray code of 15 = 1000 

(c) ( 8)10 = ( 1000) 2 

b 3 =i,b 2 = o.b,=o.b„=o 
g 3 = b 3 =i 

G 2 = B 3 ©B 2 = 1 ©0= 1 
G| =B 2 ®B\ = 0©0 = 0 
G 0 = B l ©B„ = 0©0 = 0 
Gray code of 8 = 1100 

Example 2.31 

(a) 11001100 

Solution 
(a) 11001100 

B 7 = 1, B&= 1, B 5 = 0, B 4 = 0, 
fi 3 = 1,S 2 = l.Bi = 0,B 0 = 0 
G 7 = B 7 =1 

G 6 = B 7 ©B 6 = 10 1=0 
G 5 = B 6 © B 5 = 1 © 0 = 1 

g 4 = b 5 © b 4 = 0 © 0 = 0 

G 3 = B 4 © s 3 = 0 © 1 = 1 
G 2 — B 3 © B 2 — 1 © 1 —- 0 
G, =B 2 ©B, = 1 ©0= 1 
G 0 = B, ©B 0 = 0©0 = 0 
The gray code is 10101010. 

Example 2.32 

code. 


B 3 =l,B 2 =l,fl 1 = UBo = ° 
G 3 = B3 = 1 

G 2 = Bi®B 2 = 1 © l =0 
G ] =B 2 ®B l = 1 © 1 = 0 
G 0 = B ] ©fi 0 = 1 ©° = 1 
Gray code of 14= 1001 


(b) 01011110 

fi 7 = 0, B 6 = 1 , fi 5 = 0> #4 = 1* 

b 3 = i,b 2 =i,b 1 = i,b 0 = o 

G 7 = B-J = 0 

G 6 = B 7 ©£ 6 = 001 = 1 
g 5 = b 6 © B 5 = 1 © 0 = 1 
G 4 = £ 5 ©B 4 = 0© 1 = 1 
G 3 = B 4 © B 3 = 1©1=0 
G 2 — B 3 © fi 2 — 1 © 1 — o 
G 1 = B 2 ©B 1 = 1©1=0 
G 0 = B! © B 0 = 1 ©0=1 
The gray code is 01110001. 


Find the Gray codes for: (a) the BCD code (b) the 4-bit binary 


Find the Gray codes for the following binary numbers, 
(b) 01011110 


Solution : 

(a) The BCD is a 4-bit binary coded decimal number. The 4-bit binary represents 
each digit of the decimal number. The BCD codes and Gray codes of the 
decimal numbers are given in Table 2.15. 

















o 

0 

u 

1 


\J 

u 

I 

' 1 

2 

0 

0 

0 

0 

1 

1 

0 

1 

0 

0 

0 

0 

1 

1 

1 

0 

A 

0 

1 

0 

0 

0 

1 

1 

0 

5 

0 

1 

0 

1 

0 

1 

1 

1 

6 

0 

J 

1 

0 

0 

1 

0 

1 

7 

0 

1 

1 

1 

0 

1 

0 

0 

8 

1 

0 

0 

0 

1 

1 

0 

0 

9 

1 

0 

0 

1 

1 

1 

0 

1 


(b) The 4-bit binary code represents the decimal numbers, 0 to 15. Th e 4 , 
binary codes and Gray codes of the decimal numbers are given i„ Tab " 
2.16. ' 


Table 2.16 4-bit binary code and its Gray code 






( 2 . 20 ) 


Bn * 3 = B N - 2 © G/v - 3 


b 2 = b,®g 2 (2 ' 21) 

B, = B 2 © G, ( 2 - 22 > 

B 0 = B,©G 0 < 2 - 23 > 

For a4-bit Gray code (;V=4). the Binary code is obtained by using the following 
expressions: 

B 3 = G 3 ( 2 - 2 4) 

B 2 = S 3 © G 2 (2.25) 

B,=B 2 ©G| (2.26) 

B„ = B, © G 0 (2.27) 

Example 2.33 Find the Binary codes for the following Gray codes: 

(a) 1000 (b) 1010 (c)llll 


Solution 

(a) Given Gray code is 1000. 

g 3 = i,g 2 =o,g, = o,g„=o 

S 3 = G 3 = 1 

b 2 = b 3 © g 2 = i © o = i 

B, = S 2 eGi = 1©0=1 
B„ = B, © G„ = 1 © 0 = 1 
The Binary code is 1111. 

(c) Given Gray code is 1111. 

G 3 = 1, G 2 = 1, G[ = 1, Gq = 1 
B 3 = G 3 =1 

s 2 = b 3 © g 2 = 1 © 1 = 0 

Bj = S 2 ffi G[ = 0 © 1 = 1 
B 0 = B 1 ©G 0 =1©1=0 
The Binary code is 1010. 

2.9.9 Seven-Segment Code 

In most of the applications, seven segments are used to display the 
result. Binary or decimal digits cannot be dispalyed directly over 
the seven segments. The seven-segment display includes seven ^ 
segments, which are refered as a , b, c, d , e,/and g. The segment 
will be ON or OFF according to the input data and the type of 
segments. The seven segments are of two types: (a) common anode e 
type and (b) common cathode type. The seven segments are shown 
in the adjacent figure. 



(b) Given Gray code is 1010. 

(3^=1, G 2 = 0, Gi = 1,G 0 = 0 
b 3 = G 3 = 1 

[$2 — B 3 0 G ) — 1 © 0—1 
B x = B 2 ®G x = 10 1=0 
B o = B 1 ©G o = O0O = O 
The Binary code is 1100. 










































seven-segment coue iui < 


j r-o- — **• * auie z. ] 7 





In a common cathode type seven segment, the cathode of light emmiting diod 
(segment) are connected together to ground. When the input is 1. the correspondi ° 
segment is ON; and when the input is 0, the coresponding segment is OFF Th! 
seven-segment code for common cathode type is given in Table 2.18. 

Table 2.18 Seven-segment code of decimal digits and hexadecimal equivalent 


Decimal digit 

a 

b 

0 

1 

1 

1 

0 

1 

2 

1 

1 

3 

1 

1 

4 

0 

1 

5 

1 

0 

6 

1 

0 

7 

1 

1 

8 

1 

1 

9 

1 

1 


d 

e 

/ 

8 

h 

1 

1 

I 

0 

0 

0 

0 

0 

0 

0 

1 

1 

0 

1 

0 

1 

0 

0 

1 

0 

0 

0 

1 

1 

0 

1 

0 

1 

1 

0 

1 

1 

1 

1 

0 

0 

0 

0 

0 

0 

1 

I 

1 

1 

0 

1 

0 

1 

1 

0 


Hex code 


FC 

60 

DA 

F2 

66 

B6 

BE 

E0 

FE 

F6 


2.9.10 Alphanumeric Codes 

In many applications, a computer system h 

alphabets, and special symbols. Therefor handle da ‘ a COnsistin S ofnumericals ' 

alphabets and special symbols too The J' necessar y to have binary codes for 
A complete alphanumeric code would inclf^ Called ^numeric codes. 
letters, 0 numeric digits, 7 punct uation ^lowercase letters, 26 uppercase 

’ and 20 to 40 other characters, such 


code ana CLDA. aiv UIC wAumpiva - 

ASCII code 

American Standard Code for Information Interchange (ASCII) is the most widely 
used alphanumeric code. It is used in most of the microcomputers and 
minicomputers and in many mainframes. It is a 7-bit code and so, it has 2 = 128 
possible code groups. All the keys of a keyboard are represented by 7 bit binary 
code. This code is used to exchange the information between input/output device 
and computers, and stored into the memory. The ASCII code and its octal and 
hexadecimal equivalents are given in Table 2.19. 


Table 2.19 ASCII code and its octal and hexadecimal equivalents 


Character 

7-Bit ASCII 

Octal 

Hex 

Character 7 

-Bit ASCII ( 

Ictal h 

lex 

A 

100 0001 

101 

41 

Y 

101 1001 

131 

59 

B 

100 0010 

102 

42 

Z 

101 1010 

132 

5A 

C 

100 0011 

103 

43 

0 

101 0000 

160 

30 

D 

100 0100 

104 

44 

1 

101 0001 

161 

31 

E 

100 0101 

105 

45 

2 

101 0010 

162 

32 

F 

100 0110 

106 

46 

3 

101 0011 

163 

33 

G 

100 0111 

107 

47 

4 

101 0100 

164 

34 

H 

100 1000 

110 

48 

5 

101 0101 

165 

35 

I 

100 1001 

111 

49 

6 

101 0110 

166 

36 

J 

100 1010 

112 

4A 

7 

101 0111 

167 

37 

K 

100 1011 

113 

4B 

8 

101 1000 

170 

38 

L 

100 1100 

114 

4C 

9 

101 1001 

171 

39 

M 

100 1101 

115 

4D 

BLANK 

101 0000 

040 

20 

N 

100 1110 

116 

4E 


101 1110 

056 

2E 

O 

ioo mi 

117 

4F 

( 

101 1000 

050 

28 

P 

100 0000 

120 

50 

+ 

101 1011 

053 

2B 

Q 

100 0001 

121 

51 

$ 

101 0100 

044 

24 

R 

100 0010 

122 

52 

* 

101 1010 

052 

2A 

S 

100 0011 

123 

53 

) 

101 1001 

051 

29 

T 

100 0100 

124 

54 

- 

101 1101 

055 

2D 

U 

100 0101 

125 

55 

/ 

101 1111 

057 

2F 

V 

100 0110 

126 

56 


101 1100 

054 

2C 

w 

100 0111 

127 

57 

= 

101 1101 

075 

3D 

X 

100 1000 

130 

58 

<RETURN: 

> 101 1101 

015 

0D 



J_ 


<LINF.FF.FD 

> 101 1010 

on 

L 0A 


EBCDIC 

Extended Binary Coded Decimal Interchange Code (EBCDIC) is an alphanumeric 
code. This is an 8-bit code and so, it has 2 8 = 256 possible code groups. The EBCDIC 
is given in Table 2.20. 



















































B 

11000010 


11011001 

7 

mioii, 

C 

11000011 

K 

11100010 

8 

' 11 * 1000 

D 

11000100 

s 

T 

11100011 

9 

"11100, ; 

E 

11000101 

IT 

11100100 

BLANK 

oioooooo 

F 

11000110 

u 

11100101 

? 

o1001011 

G 

11000111 

V 

11100110 

( 

0100110; 

H 

11001000 

w 

11100111 

+ 

01001110 

1 

11001001 

X 

\r 

11101000 

$ 

01011011 

J 

11010001 

Y 

7 

11101001 

* 

01011100 

K 

11010010 

L 

11110000 

) 

01011101 

L 

11010011 

0 

11110001 

- 

01100000 

M 

11010100 

1 

11110010 

/ 

01100001 

N 

11010101 

2 

11110011 


01101011 

O 

11010110 

3 

4 

_ — 

11110100 

= 

01111110 


2 9 11 Error-detecting Codes 

error detecting codes are: (i) parity codes and (n) block partly codes. 


Parity codes 

Usually ASCII code is used for sending digital data over telephone lines. 1 he -Dtt y 
or more than 1 -bit errors may occur in transmitted data. To detect these errors, a 
parity bit is usually transmitted along with the data bits. At the receiving end, panty 
will be checked. The format of parity code word is P M N . X M N _ 2 Mn-3 - - [ 

Mo where P is a parity bit and M w _, toM 0 are N message bits. There are two 
types of parity: (i) even parity and (ii) odd parity. 

For an even parity code, the total number of 1 s in the parity code word is even. 
For an odd parity code, the total number of 1 s in the parity code word is odd. A 4- 
bit message with even parity and odd parity is given in Table 2.21. 

The single parity bit code can detect single bit errors. Ifthe error is more than l-b> 
t, it cannot be detected. For example, assume the even parity code word sent by th e 

transmitter is 10111 and the code word received by the receiver is 10011 ,the parity 

of received code word is odd, it shows that a 1-bit error is introduced over the 
channel. But if the rece.vtng code word is 10001, then the parity of received code 



,1 ,h,moro.,„<).heo.icm,checkspmtja, 

P°r »•"« a “ i8 ” s °‘ P ” i,y Ee " ^ “ ,0, 

parity checker will be discussed in Chapter 4. 




hecker cannot detect the error. This limitation ot panty cooe is 
ertain extent in block parity codes. In this technique, 

nformation as a block, each block consists of several binary words as sho 
ijo 2 3 Parity bits can be assigned to both rows and columns. Let us co “ 

,lock consisting of four words, each word consists of eight bus and even parity 
™ occmnpH tn thp rows and columns. 


Parity row 


1011 

0001 

0 

1011 

0110 

1 t 

1000 

1000 

0 

0110 

1010 

0 

> 1110 

0101 

1 


Fig. 2.3 Block code 























Let us < 




toil 

0 

00 1 

0 

1001 

0 

1 1 0 

1 <- 

1000 

1 

000 

0 

Olio 

1 

0 1 0 

0 

1 Iflo 

0 

1 0 1 

1 


- Parity error 


t Parity error 
Fig. 2.4 Block code with 1-bit error 

number 2 and column number 3. The p Os iti 0n 


There is a parity error in row number 2 and column number 3. The positi 0n 
error is shown in Fig. 2.4 by dark shadow. This can be corrected by comple menti 
the error bit. If there is a change of parity of more than one rows or columns, J 

. . i •._ qc chnu/n in FlP. 2 . 5 . 


1011 

0001 

0 

1000 

0110 

1 

1000 

1000 

0 

0110 

1010 

0 

1110 

0101 

1 


tt Parity error 

Fig 2.5 Block code with more than 1 -bit error 

Here, the parity error is in column numbers 3 and 4. This error cannot be corrected 
because there is no information about parity error in rows, and hence the position 
of error bits cannot be located. 

2.9.12 Error-correcting Codes 

The error-detecting codes cannot define the position of an error and cannot correct 
1 1. erefore there is need for a code which can detect as well as correct the errors. 

.rI : e Z e : eC " 0 ",r: COrreCtl0n capabilit y of a code depends on the number 
of extra bits that are added m a message to get the code words, which increases the 
distance between adjacent code words Tho us - w,,u ' 11 

is ,h« sbor.es, disJce bei.ee,” ,^ “ "7 T“ of 

' 1, ir. 1 D- [ benumt.roferri.s[hatcanteiieteci^ik7' :0< * e t^ 0r . a m ' n ' mum 77, 

that can be corrected is (d min - 1 )/2 ^ min 1) and the number of error. 

In error-correcting codes, the receiver c' 

present , then the receiver is capable to detect^ 1111 C ^ CC ^ S error - If an error * S 

Linear block code, hamming code, and hi ltS ^ OS *^ on ' which can be corrected 
error-correcting code. ar ^ c V c lic code are the examples of 


^tiver checks whether the error is present or not with the help of chec Us. 

and the generation matrix. (228) 

C = MxG a The 

While doing the matrix multiplication, MOD 2 operations are used. The 

generation matrix is constructed as (2 2g) 

G = [/*’• A]* x n . 

where h is the identity matrix of order k and A is the arbitrary matrix of ord 

The arbitrary matrix is selected such that the resulting code should be capable 
to detect and correct errors at the receiving end. 

C = MxC 

[C,C 2 ... CJ = [M,Af 2 ... M k ] x Uk : A] (2 ' ’ 

For example, consider the matrix 

1 0 0 “ 

1 0 1 


A = 


1 1 1 


and message bits are [0 11]. 

The linear block code C = [M] x [G] 

= [M]x[I k :A] 

"100 : 100 ] 

010 : 101 

001 : 111 


= [0 1 1] x 




= [0xl®lx0©lx0,0x0©lxl©lx0,0x0©lx0®lxl, 
0xl®lxl©lxl,0x0©lx0©lxl,0x0©lxl©lxll 
= [ 0 © 0 © 0 , 0 © 1 © 0 , 0 © 0 © 1 , 0 © 1 © 1 , 0 © 0 © 1 , 0 © 1 © 1 ] 

= [01 1010 ] 

Decoding of linear block codes The receiver circuit receives the linear block 
code of n bits; it does not know the transmitted message. The receiver checks whether 
or not an error is present in the receiving message with the help of an arbitrary 
matrix. The receiver circuit calculates the parity check matrix, 

H=[A T :I r ] (2-3l) 

where L is the identity matrix of order r and A T is the transpose of matrix A. 













minimum distance. For a (6, 3) block code, nun— —-—- « u c an d ' 
2-bit errors and correct 1 -bit errors. The correction pioce ure is as foll 0 \v S; 1 

1. Find the syndrome matrix. It is a row matrix and is calculated as 

5 = /^ (2.32) 

where R is the received code of order (1 X n), H is the transpose of p ar ^ 
check matrix H of order ( n x r) 

2. Match the row matrix S with the row of H T . The number of a row wh erea 
match occurs gives the error position. 

For example, if matrix S matches with the third row of matrix H , then the err 0r 
is at the third position of the received message. 

For example, let us assume that the message received by the receiver/? = 01 looo 
and the matrix 


A = 


1 0 O' 
1 0 1 
1 1 1 


The parity check matrix H is calculated as follows: 


H=[A T :l r ] = 


111:100 
001:010 
011 : 001 


R = [011000] 


"0 



"O' 

1 



1 



'ill : 100' 

1 

] 

0 

H x R T = 

001:010 

011 :001 

0 

0 



0 

0 



0_ 


= [ 0 ® 1©1 000000,0000 1 000000,001 0 1 © 00000 ] 
= [ 010 ] 


(H x R t ) is no. equal to zero, which shows that an error is present in the received 
message. To correct the error, find the syndrome matrix. It is a row matrix and 
calculated as 


~ 10 0 

0 1 0 

0 0 1 

= [ 0 © 1 © 1000000,0000 1 © 00000,001 ©1 0000001 
= [0 10] 

Syndrome matrix S matches with the 5 ,h row of H 1 which shows that the error 
is at the 5 th position in the received message R. The correct result is obtained y 
taking the complement of the 5 ,h bit of the received message R. 

Correct received message = 01 1010 

Example 2.34 Find all the code vectors for the given generator matrix of a 
(6,3) block code. 



"100 

01 f 

G = 

010 

101 


001 

110 


Solution 

The linear block code C = [M] x [G] 



'100 : 

01 f 

M = [0 0 0], C = [0 0 0] x 

010 

: 101 


001 

: 110 


= [ 0 xl 00 x 000 x 0 , 0 x 000 x 1 © 0 x 0 , 0 x 000 x 000 x 1 , 
0 x 000 x 100 x 1 , 0 x 100 x 000 x 1 , 0 x 100 x 100 x 0 ] 
= [0 000 0,0000 0,0000 0,0000 0,0000 0,0000 0 ] 
= [000000] 


M = [0 0 1], C = [0 0 1] x 


100 : 011 
010 : 101 

001 : 110 


= [001110] 


M= [0 1 0], C = [0 1 0] x 


100 : 011 
010 : 101 

001 : 110 


= 1010 10 1 ] 

























A/= [1 00 ], C= [1 00 ] X 

1 UU 

010 

\J 1 1 

: 101 

= [ 100011 ] 

001 

: 110 



"100 

: 01 r 


M=\\ 01],C=[1 0 l]x 

010 

: 101 

= [ 101101 ] 

001 

: 110 


M = { 1 10],C=[1 1 0J x 

r ioo 

010 

Oil" 

101 

= [ 110110 ] 


001 

HO 



“100 

Oil" 


M = [ 1 1 1],C=[1 1 1] x 

010 

101 

= [1 11000 ] 


001 

110 



Hamming code 


Hamming code detects the error as well as locates the position of the error, so that the 
error can be corrected. It is constituted by adding parity bits in an / 2 -bit message. The 
length of Hamming code is (n + k), where k is the number of parity bits added in a 
message. The number of parity bits depends upon the number of message bits. Fora 
//-bit message, the number of parity bits is k. The value of k must be chosen such that 
2* > /z + k + 1 


For a 4-bit message, the number of parity bits is 3. 

The location of parity bits in the Hamming code corresponds to an ascending power 
of two (2°, 2', 2 2 ,2 3 ,...). The location of parity bit and message bit is given as 


Bit number p 7 

b 6 

Bs 

b 4 

Bt, 

Binary equivalent 111 

110 

101 

100 

J 

Oil 

Parity bits 

_ 




Message bit m 4 


m 2 

r 3 

M, 


B 2 

010 

Pi 


B\ 

001 

P\ 


, 1 uc F e na upon M. M a* , 

procedure to assign the value to the naritJ k-. • - 1 ’ Mh 1 

■ Check the position of 1 i n the Kino 
- Check the bit’s location, which hXTC' 6111 ' 
equivalent of parity bit. and assign th» posill °n defined bv the binary 


■ Position of 1 at b 0 is 


in 


M 4 , ZW 2 , 


For even parity, Hamming code assigns the value to P, such that the parity ot 

odd parity, Hamming code assigns the value of P, such that the parity of 
W 4 , Mi, Pi is odd. 


Assign the value to P 2 : 

■ Binary location of the parity bit P 2 is 010. 

. Position of 1 in the binary equivalent is b x . 

• Position of 1 at b ] is found in bits Af 4 , M 3 , Af t , P 2 - 

For even parity, Hamming code assigns the value to P 2 such that the parity of 

^FOTodd parity, Hamming code assigns the value of P 2 such that the parity of 
M 4 , M*M\.P 2 is odd. 


Assign the value to P 3 : 

■ Binary location of the parity bit P 3 is 100. 

■ Position of 1 in the binary equivalent is b 2 . 

. Position of 1 at b 2 is found in bits M 4 , M 3 , M 2 , P 3 . 

For even parity, Hamming code assigns the value to P 3 such that the parity of 

Mu A* 3 , Ml. ^3 iseven. . . f 

For odd parity, Hamming code assigns the value of P 3 such that the parity ot 

M a ,Mi,M 2 ,P3 is odd. 

At the receiving end, the Hamming code bits are separated as message bits ana 
parity bits. The parity of each group is checked and it assigns the value as 0 if the 
parity is correct, otherwise it assigns the value as 1. If the assigned values of all the 
groups are zero, then there is no error, otherwise there is an error. The position of 
an error in the receiving message is defined by the digital equivalent of (C 3 , C 2 , CO, 
where C, is assigned the value of group one (M 4 , M 2 , Af b Pi), C 2 is assigned the 
value of group two (M 4 , M 3 , M b P 2 ), and C 3 is assigned the value of group three 
(M 4 , m 3 , M 2 , P 3 ). 


Example 2.35 Determine the single error-detecting code for the message code 
1011 for even parity. 

Solution 

Given message code is 1011. 

(i) Find the number of parity bits (k) required 
2 k >n + k+\ 

2 k > 4 + k + 1 
k = 3 














^^=o- W2=1 - W| = 1 h f 

(ill) Assignth 6 v^uetothepanty ^ M * Pj) is ev^p^- 

the value to P\ su h J the value to P 2 such that the parity of 
ii 1 ‘J'^ts^n’lTe P-ty of (101 />,) is even. P 2 = 0. Ass, gn ^ 
^ .he parity of (M, *. M 2 , ft> » -en, - P**y of (, 0l £ 

The Hamming code for the message (1011) is 1010101. 

r . a transmitter uses a single error-correcting code for the messa 

” *££»* received at .he giving end „ U , 0 , 0 ,. a£ 


using even parity 
and correct the error. 


The message at the receiving end is 1110101- 
(i) The format of Hamming code is M 4 M 3 M 2 p 3 M 1 
where M 4 = 1, M } = 1, M 2 = 1, p 3 = °* = *> 


P 2 P \ 

P 2 = 0, P, = 1 


(ii) Check the parity of the group and assign the value to C 3 , C 2 , and C,. 
Parity of (M 4 M 2 M t P\) = Parity off 1 1 1 1 ) = even, hence C, = 0. 
Parity of (A/ 4 M 3 M, PJ = Parity of (1 1 1 0)#even, hence C 2 = 1. 
Parity of (M 4 , M 3 , M 2 , P 3 ) = Parity of (1 1 1 0) * even, hence C 3 = 1. 
C 3 C 2 C,=(110)*0 and therefore, an error is present at the position of the 
decimal equivalent of (1 1 0 ) = 6 
Correct message is 1010101. 


Example 2.37 Determine the single error-correcting code for the message 
code (11010). Assume the parity code is odd. 

Solution 

Given message code is 11010. 

(i) Find the number of parity bits (k) required 
2 *>« + *+l 
2* > 5 + & + 1 
k = 4 

The length of the message =^+£= 5 + 4-9 


Message bit 

Hamming code 
word 


M 5 
M 5 


Pa 


M 4 m 3 m 2 


M 4 m 3 m 2 


P3 


Mi P 2 p 1 


where M 5 =1.W4=1.M 3 = 0,M 2 =1,M, = 0 


,..;v Asslgn the value to the parity bits such that the parity of the code is odd. 
(U0 Assign the value to P x such that the parity of (M 5 M 4 ,M 2 M, P.) is odd, t.e. 
naritv of (1110 P,) is odd, P, = 0. Assign the value to P 2 such that the parity 
of (Af 4 Wj M u P 2 ) is odd, i.e. parity of (100 P 2 ) is odd, P 2 = 0. Assign te 
value to P 3 such that the parity of (M 4 , M 3 , M 2 , P 3 ) ls °dd, i.e. parity o ( 

P 3 ) is odd, P 3 = 1. Assign the value to P 4 such that the parity of (M 5 , r 4 ) is 
odd, i.e. parity of (1 P 4 ) is °dd, P 4 = 

The Hamming code for the message (11010) is 101011000. 


SOLVED EXAMPLES 


Example 2.37: Perform the following: 

(a) (5531) 8 -(3261) 8 +(100 ),0 

(b) Convert (19.75) 10 into binary. 

(c) Convert (F4D2 ) 16 into decimal. 

(d) Determine the base x: (21 \) x = (152) g 

(e) Encode the binary word 1010 into 7-bit even Hamming code. 


Solution 

(a) (5531) 8 - (3261)g + (100 ) 10 
Convert octal to decimal: 

(5531 ) 8 = (2950) 10 and (3261 ) 8 =(1713) 10 (refer octal to decimal conversion) 

(5531) 8 - (3261) 8 + (100) 10 = (2950) 10 - (1713) 10 + (100) 10 = (1337) l0 

(b) Convert to binary: (19.75) 10 

The integer part of (19.75) 10 is 19 and its fractional part is 0.75. 
Conversion of the integer part of decimal number: 


Quotient 
19 + 2 9 

9 + 2 4 

4 + 2 2 

2 + 2 1 

1+2 0 


Remainder 

1 ♦ LSB 

1 
0 
0 
1 


(19 ),0 = (10011) 2 


♦ MSB 









. ( |9.75)io- 1 

(c , I? ^ X * * 15 X ,6 ’ * (62674 » 

(F4D2)i 6 X ..n -(152)8 


'10 




2X* 

A = 7 


„ , h „ following numbers into decimal: 

'■^S.Smhbco, @» <11001'01>>1)2 

(iii) (CF.5)i6 


T-»"'“ o ' mBCD, :lS“l l,oooom 


1in _iv2° + 0 x 2 1 + lx2 2 +lx2 3 + 0x2 4 + 0 x 2 5 + 1 

( ii) (11001101.111)2 x2 6 +lx2 7 + ix2' l + lx2- 2 +lx2- 3 

1 1 1 

= i+ 4 + 8 + 64+ 128 + - + - + - 


= (205.875)| 0 

(iii) (CF.5) i6 =15x16°+I2x16'+5xI6 1 

= (207.3125) l0 

(iv) (234) 5 = 4x5°+3x5' + 2x5 2 

= (69) 10 

Example 2.39 Write the sign magnitude 1 ’s complement and 2’s complemeni 
forms for the following decimal numbers: 

(i)+9.5 (ii) -17.0 


Solution 

(i) +9.5 = (+9.5),o = (1001.1) 2 

Sign magnitude representation of (+9.5) io = 01001.1 
l’s complement representation of (+9.5)io = 01001.1 
2’s complement representation of (+9.5) 10 = 01001.1 

00 (17)io = (1000I) 2 

Sign magnitude representation of (-17) = 110001 

l’scomplement representation of (—17)i 0 = l’s complement of (+17) 

° = l’s complement of (0100011 
=101110 


Example 2.40 Perform the following subtractions using 


method: 

(i) 


( 0011 . 1001 )-( 0001 . 1110 ) 


(ii) (3F)| 6 - (5016 


2’s complement 


Solution 

(i) 0011.1001 -0001.1110 

1 ’ S complement representation of number = 1 s complement ot (UUU \. 1 v) 

= 1110.0001 

2’s complement = l’s complement + 1 

= 1’ s complement of (0001.1110)+ 1 
= 1110.0001 + 1.0 
= 1111.0001 


Binary addition : 

0011.1001 4A 

+ 1111.0001 ♦ 2’s complement of B 

*0010.1010 ♦ Discard the carry 

The most significant bit is 0, so the answer is positive, and it is in true form. 
Result =+(0010.1010) 

Example 2.41 Encode the binary word into a 7-bit even Hamming code: 1010. 


Solution 

Given message code is 1010. 

(i) Find the number of parity bit ( k ) required 

2* > n + k + 1 

2 k > 4 + k + 1 (since n is length of message code) 


k = 3 

The length of the message = n + /c = 4 + 3 = 7 


(ii) Position of parity bit 


Bit number 

Bi 


b 5 

b 4 

B 3 

Bi 

B , 

Binary equivalent 

111 

no 

101 

100 

Oil 

010 

001 

Parity bits 

- 

- 

- 


- 

Pi 

P, 

Message bit 

m 4 

m 3 

m 2 

- 

Mi 

~ 


Hamming code word 

m 4 

m 3 

m 2 

Pi 

Mi 

Pi 

p. 

where M 4 = 1, M 3 = 0, 

m 2 = 

1 ,M l = 

0 






(iii) Assign the value to the parity bits such that parity of a code is even. 

Assign the value to P\ such that the parity of (M 4 , M 2 , M\,P 0 is even, i.e. 
the parity of (110 P,) is even, P, = 0. Assign the value to P 2 such that the 
parity of (iW 4 M,. P 2 ) is even, i.e. the parity of (100 P 2 ) is even. 








I Decimal number system 

2 . Binary number system 

3 . octal number system 

. Hexadecimal number system 

4 ' „„ nl7 ,, nn |v binary data. The information given by the 

* SriSSl. hexadecimal or octal number, therefore an understand^ 
r^on requires the abUity to convert die number from one nu mber sy ^ 

to another. . 

. There are three methods used to represent sign-binary numbers: 

1. Sign-magnitude representation 

2. I’s complement representation 

3. 2’s complement representation 

• In sign-magnitude representation, the most significant bit represents the sign and 
the remaining bits represent its magnitude. When the most significant bit is 1, the 
sign is negative and when the most significant bit is 0, the sign is positive. 

• The l’s complement of a binary number is obtained by subtracting each bit of the 
number from 1. The l’s complement of 0 is 1 - 0 = 1 and the l’s complement of 
1 is 1 - 1 = 0. 

• The 2’s complement of a binary number is obtained by adding 1 to the Ts j 
complement of the binary number. 

• The rules of binary addition are given in the following table. 


A 

B 

Sum 

Carry 


0 

0 

0 

0 


0 

1 

1 

0 


1 

0 

1 

0 


1 

1 

0 

1 


>f binary subtraction are given in the f 

ollowing tab; 

le. 

A 

B 

Difference 

Borrow 


0 

0 

0 

0 


0 

1 

j 

1 

0 

1 

1 

1 

0 


of L* 

1 

_ 0 

0 



! * rom bother binary number A is equivalent 
810 * Le - M - B) = A + l’s complement of* 


to 


1 weignicu 

2. Self complementary codes 

3. Unit distance codes 

4. Alphanumerical codes 

5 Cyclic codes 

6 Error detecting and correcting codes 

# There are two methods of BCD subtraction: 

1 BCD subtraction using 9’s complement 

2 BCD subtraction using 10’s complement . 

• The 9’s complement of a decimal number is obtained by subtracting each igtt o 

the decimal number from 9. Q , 

. The 10’s complement of a decimal number is obtained by adding 1 with the y 

* complement of the decimal number. 

,n.„ r, r . v mde reoresentation for the decimals 0 to 15 is given in the followtng 



KEY TERMS AND DEFINITIONS 

Number systems A number is a collection of symbols. Each symbol’s value is a 
function of the type of system and its position. All the number systems are positional 
because the value of a symbol depends upon its position. 

Signed binary number The numbers with a positive or negative sign are known 
as signed binary numbers. 

l’s complement representation The l’s complement of a binary number is 
obtained when each bit of a binary number is subtracted from 1 . 

2’s complement representation The 2’s complement of a binary number is 
obtained by adding 1 to the l’s complement of a binary number. 

Codes It is the representation of information in a particular format. The information 
may include numbers, alphabets, and symbols, which men and machine can recognize. 
All the computer systems understand only the machine code, the basic property ot 
machine code is binary in nature. 
































weign^- 


i,i0n - , There are various 4-bit codes of decimal digits. The Se 
r bit BCD codes WJ ^ of the decimal number ,s represented by f( °% 

eric codes, m « 11 . . bCD code , each digit of dec^., ' b ' 1 ' 


i i. 2 - 1 „ 

position' 

Four bit d— - h dig,.. • °y f 

notueric codes.» (o ^ 4 _„ it BCD code, each digit of deci ma| 

Five bit BCD codes Sun ^ ^ CO(Jes are known as 5-bit BCD cod es > 
can also be rep**" |t is use d for storing the data on magnetic tape* 2 '° 
is an example of 5-b.K ’ ^ ^ 0) . Every code group has two l s . This 
weighted code (exceP ^ d ^ fof error detection. N 

charactenstic o ^ ^ BCD code. Each digit of the deci ma , 

r^tsssi--’«>• * - - - —«^ 


code. 


Symss , code I, is modified BCD code. This code is obtained by adding 3 , 0 
BCD code or by adding 3 to each digit of the decimal number. 


Gray code Gray code is a4-bit numeric code; decimal numbers 0 to 15 are represent 
by 4-bit binary code. This code is also known as unit distance code because two 
consecutive codes differ in only 1 bit position. The Gray code is an unweighted code, 
the bit positions in the code group do not have any specific weight assigned to them. 


Error-detecting codes In digital communication, the digital data is sent over the 
telephone lines using different binary codes. During the transmission, because of 
noise signal. 0 may become 1 or 1 may become 0 and an incorrect information may 
be received at the destination. This problem of communication is overcome by using 
error-detecting codes. The simple error-detecting codes are: (i) parity codes and (ii) 
block parity codes. 


EXERCISES 

Review Questions 

number systems'? C1 * le<i ^ MSe ° f decima1 ’ binary, octal, and hexadeci 

3. What do'you meanly ^ ^ * hexadecimaI numbers over binaries? 

4. E xp, ain the , s ; o l S ; 8n magnhude -presentation? 

numbers. ment and 2 * complement representation of si 

5 - Explain the rules of l’ s com . 

«»pl, "’Ptanent addition and subtraction wi.h suit! 

0. hxnhm 


6 - Explain the rules of 2's cnm , 
example. m Plement addition 


a °d subtraction with 


9 What is excess-3 code? Explain the rules of addition of two excess-3 code 
numbers. 

10 Find out the BCD, excess-3, and Gray code for the decimal numbers 0 to 9. 

11 What do you mean by self-complementary code? What are the two sell- 
complementary codes? 

12 Write the Gray code for a 4-bit binary number. 

13 What is Gray code? Give the advantages of Gray code over binary code. 

14. Explain even and odd parity codes. 

15 . Write short notes on the following codes: 

(i) Excess-3 code (ii) BCD code 

(iii) Gray code (iv) Unit distance code 

(v) 5-bit code (vi) Biquinary code 

16. What is a linear block code? Derive the matrix equation relating to k -message 
bits, w-coded message bits, and the generator matrix for a linear block code. 

17. Explain with examples, how Hamming code is useful for detecting and 
correcting errors in digital data transmission. 

18. Design a BCD to Excess-3 code converter using truth table, K-maps, and logic 
circuits. 

19. Design the following code converters: 

(i) Binary to BCD (ii) BCD to Binary 

(iii) Binary to Excess-3 (iv) Excess-3 to Binary 

(v) BCD to Excess-3 (vi) Excess-3 to BCD 

(vii) Binary to Gray (viii) Gray to Binary 

Problems 

1 . Perform BCD addition of the following numbers: 

(i) 24 + 36 (ii) 08+10 

(iii) 106 + 305 

2. Perform the following additions of BCD numbers: 

(i) 801 + 205 (ii) 99 + 10 

3. Perform the following subtractions of BCD numbers using 9’s complement: 

(i) 9-2 (ii) 2-9 

(iii) 33 - 77 (iv) 77 - 33 

4. Perform the following subtractions of BCD numbers using 10’s complement: 

(i) 7-3 (ii) 3-7 

(iii) 36 - 69 (iv) 69-36 

5. Perform the following subtractions using (i) l's complement method, (ii) 2’s 
complement method: 

(i) ( 11010)2 -( 10000)2 (ii) ( 1000100) 2 - ( 1010100) 2 

6 . Perform the following operation: 

(738) 8 - (123) 16 + (100) 10 

7. Convert the following decimal numbers to binary: 

(i) (1 20625) l0 (ii) (120625) 10 

8 . Encode the following binary words into 7-bit even parity Hamming code: 

(i) 1000 (ii) 1011 



,, perform subtractions 

(i) 16' 17 


... . , 6 , 7 («) 27 - 33 

perform the following subtractions using l’s comp lement; 
(i) 23-44 

13 Perform the following subtractions using 2 s complement: 
(i) 18-35 11 . 27 


(i) 18-35 (1I) 42 27 

14 . Convert the following numbers from the given base to other 
indicated: 


thr< 


re e bi 


ndicated: 

(i) Decimal 52.45 to binary, octal, and hexadecimal 

(ii) Hexadecimal 2ACS to binary, octal, and decimal 

15 perform the following subtraction using l’s complement and 2’ s 
method: 45 + (-17). Find the result in sign-magnitude. ‘ Corn Ple 

16. Determine the value of base if 

(i) (211), = (152)g (ii) (193)* = (623) 8 

17. Using 2’s complement method, perform: (156) 10 - (99) 10 

18. Carry out the following conversions: 

(i) Decimal 268.75 to binary, octal, and Hex. 


\ 




Multiple Choice Questions 


Select the correct option: 

1. The binary equivalent of 57 is. 

(a> 111001 (b) 01010111 

2. The BCD equivalent of 57 is. 

(a) 111001 (b) 01010111 

1 The decimal equivalent of 10111 1100 is 
(a) 22.3 (b) 23 ?5 

0111 is an excess-3 of 

(a) 7 . 

5- The code used to reduce ,h (b) 10 (c) 4 

encoder is. err0r due t0 ‘he ambiguity in reading ; 

(a) Octal code c 

( c ) Gray code ,,{ Excess_ 3 code 

6- In the 8-4-2 -1 BCD a ^ ^ 

W 111 1101 ° C ’ ttle decimal number 125 j s wr j ff 

(c) 7D C» 000100100101 35 . 

(d) none of these 


(c) 101111 
(c) 101111 
(c) 25 
(c) 4 


tnapiei 





Boolean Algebra and 
Logic Gates 


Chapter Outline 

• Boolean algebra and basic theorems 

• Overview of the logic circuits 

• Representation of logic functions on K-map 

• Simplification of sum of products form and product of sums form 

• Minimization of Boolean equation using Quine-McCluskey method 


3.1 INTRODUCTION _ 

Digital systems support only binary data. In binary data, HIGH is represented as 
logic 1 and LOW as logic 0 in positive logic; and in negative logic, HIGH is 
represented as logic 0 and LOW is represented as logic 1. 

In most of the cases, the digital system is defined by Boolean expression or truth 
table or state diagram. To implement a Boolean expression with basic gates, a large 
number of gates and a large number of inputs of gates are needed. The requirements 
and inputs of the gates can be reduced by simplifying the Boolean expression. For 
simplification, the following three methods are used: 

1. Boolean method, 

2. K-map method, and 

3. Quine-McCluskey method. 

3L2 BOOLEAN ALGEBRA 

In the modern mathematics of set theory and logic, George Boole introduced a 
new concept in 1854, which is known as Boolean algebra. Claude E. Shannan applied 
this theory to switching circuits in 1938, which has changed the entire science of 
electronics. 

Boolean algebra defines different types of logical operations. These logical 
operations are realized by electronic circuitry; such electronic circuits are known 
as GATE. The gate has one or more inputs and one output. Both the input and 
output are in digital form (i.e., either logic 1 or logic 0). 

In Boolean algebra, every variable is called as a Boolean variable. It takes any 
one of the two different values, which are associated with two events. These two 






















3.2.1 Principle of Logic Circuits 

Bwlean algebra defines different logical operations, these opera, j 0ns 
by electronic circuits, which are known as log.cal circuits. The l 0gic a >^ 
one or more inputs and one output. Both the input and output are1 n h Silk 
either logic 1 or logic 0. Switching circuit is one of the best exampi ' 8 " 51 V 
rirrnit The swiching circuit consists of a voltage source, switches, ana ;, of »lo, 


circuit The swiching circuit consists of a voltage source, switches, ana 
lamp and switches represent Boolean variables. ON and OFF states 0 f a ?H 
referred to as logic 1 and logic 0, whereas close and open states of a c 
designated as logic 1 and logic 0 respectively. ■ w >tch 

Figure 3.1 shows a switching circuit. The switches .4 and B are connected i 
and the lamp in series with the source. The switches A and B represent 
variables and the lamp is the output variable. The lamp will be ON (l og j c ^ 
the switches A and B are closed or any one of the switch is closed; otherwise th 
will be OFF (logic 0). The operation of the circuit is summarized in Table 3 ■ 1 


Vi: 


o 


Switch A 


Switch B 


' Lamp 


Fig. 3.1 Switching circuit 


Table 3.1(a) Operation of circuit Table 3.1(b) Truth table 


Switch A 

Switch B 

LAMP 

OPEN 

OPEN 

OFF 

OPEN 

CLOSE 

ON 

CLOSE 

OPEN 

ON 

CLOSE 

CLOSE 

ON 


A 

B 

V 

0 

0 

0 

0 

1 

1 

1 

0 

1 

1 

1 

1 


Open = logic 0, Close = logic I, ON = logic 1, OFF = logic 0. 


3.2.2 Boolean Constants, Variables and Functions 

Boolean algebra differs in a major wav from 

represented in Boolean algebra by letters k ordlnar y algebra. Variables are 
variables are often used to represent the volta ^ ^ Z The Boolean 

input/output terminals of a circuit. The Bool ^ P resent on a wire or at ^ 
0 or logic 1 . These 0 and 1 are known as Boo^ a var ^ a ^^ e either logi c 

Boolean algebra is relatively easy to work ^ COnstants - 
because of only two values. In Boolean algebra ascompared to ordinary algebra 
negative numbers , square roots, cube roots, etc l f ^ no fractions, decimals- 
are only three basic functions, that is (i) or ‘ " 1 ^ in Boolean algebra, there 

13, anfl fiJJ\ XT/^nn 


transistors, and resistors connected in such a way that the circuit output is the result 
of basic logic operations performed on the inputs. Let us describe and analyse these 
basic logic operations. 

OR Operation 

The switching circuit shown in Fig. 3.2 has two switches A and 5, which are 
connected in parallel and the lamp in series with the source. The lamp is either ON 
or OFF depending on the state of switch A and switch B. 


V 


r>: 


Switch A 


Switch B 


Lamp 


Fig. 3.2 Switching circuit for OR logic 


There are four possible states of the switches: 

(i) Both A and B are open. 

(ii) A is closed and B is open. 

(iii) A is open and B is closed. 

(iv) Both A and B are closed. 

When we think logically, keeping basic ideas of electrical circuits in mind, one 
can conclude that out of four possible combinations, the lamp will be ON for the case 
(ii), (iii), and (iv) and it will be OFT for case (i). In other words, the lamp is ON if 
either switch A or switch B is closed or both are closed. Significance of this logical 
statement lies in the words ‘either ... or’ which simply represents ‘OR’ operation 
with the symbol *+’. The Boolean expression for this switching circuit is 

Y = A OR B 

= A + B (3.1) 

The operation of the switching circuit shown in Fig. 3.2 is summarized in 
Tables 3.2 (a) and (b). 


Table 3.2(a) Operation of circuit 


Switch A 

Switch B 

LAMP 

OPEN 

OPEN 

OFF 

OPEN 

CLOSE 

ON 

CLOSE 

OPEN 

ON 

CLOSE 

CLOSE 

ON 


Open = 0, Closed = 1, ON = L OFF = 0. 


Table 3.2(b) Truth table 


A 

B 

f=a + b 

0 

0 

0 

0 

1 

1 

1 

0 

1 

1 

1 

1 


AND Operation 

In the switching circuit shown in Fig. 3.2, the switches were arranged in parallel, 
whereas in the switching circuit of Fig. 3.3, they are arranged in series. 















































Fig. 3.3 Switching circuit for AND logic 

In this circuit diagram, the lamp will be ON if and only if both the s\vj tc , 
closed, otherwise the lamp will be OFF. This ogic is ^own as AND logir^ 
is denoted by a symbol *• ’. The Boolean expression or operation i s gj v ^ 11 


Y = A.B 


The behaviour of AND operation is summarized in Tables 3.3 ( a ) an d 3 3 


(3 -2j| 


Table 3.3(a) Operation of circuit 


Table 3.3(b) Truth table 


Switch A 

Switch B 

LAMP 

OPEN 

OPEN 

OFF 

OPEN 

CLOSE 

OFF 

CLOSE 

OPEN 

OFF 

CLOSE 

CLOSE 

ON 


Open = 0, Closed = 1, ON = 1, OFF = 0. 


A 

B 


0 

0 

(T^ 

0 

1 

0 

1 

0 

0 

1 

1 

1 



NOT Operation 

The switching circuit shown in Fig. 3.4 has one switch and a lamp. Wheneverthe 
switch is open, the lamp is ON; and when the switch is closed, the lamp is OFF; 
because the current always passes through a low resistance path. This operation is 
known as NOT operation. As per standard notations, output Y is not equal to input 
A. This means that Y is equal to the complement of A. This can be expressed as 


Y= A (3.3) 

The operation of the circuit shown in Fig. 3.4 is summarized in Tables 3.4(a) 
and 3.4(b). 


Table 3.4(a) Operation of circuit 


Switch A 

Lamp 

OPEN 

CLOSE 

ON 

OFF 


Table 3.4(b) Truth table 


A 

II 

0 

1 

1 

0 


Open = 0, Closed = 1. ON = 1. OFF 



(ii) A +1 = 1 (35) 

(Hi) A + A = A (3 ' 6) 

(iv)/t+A=l (3/7) 

(v) >4-0 = 0 (3.8) 

(vi) A'l=A ^ 

(vii) A.A = A ( 310) 

(viii) /%-A =0 (3 ' n) 


In Boolean algebra, the value of a variable is either logic 1 or logic 0. 


Proofs of Basic Laws of Boolean Algebra 


(i) A + 0 = ? 

0 + 0 = 0 
1 + 0=1 

Hence, A + 0 = A 


(ii) A + 1 = ? 

0+1 = 1 
1 + 1 = 1 
Hence, A + 1 = 


(iii) A + A = ? 

0 + 0 = 0 
1 + 1 = 1 

Hence, A + A = A 


(iv) A + A = ? 

0+1 = 1 
1 + 0=1 

Hence, A + A = 1 

(vii) A • A = ? 

0.0 = 0 
1.1 = 1 

Hence, A . A = A 


(v) A . 0 = ? 

0.0 = 0 
1 .0 = 0 

Hence, A . 0 = 0 


(vi) A . 1 =? 

0 . 1=0 

1.1 = 1 

Hence, A . 1 = A 


(viii) A. A = ? 

0 . 1=0 
1.0 = 0 

Hence, A . A = 0 


3.2.4 Boolean Theorems 

Boolean algebra can be used to analyse a logic circuit and express its operations 
mathematically. It plays an important role in digital system design. 

Boolean theorems help us minimize the Boolean equations. The basic Boolean 
theorems are listed below. They are also known as single variable Boolean theorems 
or basic Boolean laws. 


Law 1: A + 0 = A 
Law 2; A + 1 = 1 
Law 3: A + A = A 
Law 4; A + A = 1 


Law 5 : A .0 = 0 
Law 6: A . 1 = A 
Law 7 : A • A = A 
Law 8; A • A = 0 


Boolean multivariable theorems involve more than one variable. Boolean 
algebra supports the basic laws of ordinary algebra such as: (i) Commutative 
law, (ii) Associative law, and (iii) Distributive law. 


































nui _ A 

Law 9:A + b = B+A 
Law 10 :A-B = B-A 

Associative Law 

Associative law states that the grouping of variables in AND 0r 0R 

does not affect the result. 

Law 11: A + (5 + O = (-4 + ^) + C 
Law 12: A • (B • O - (A • B) • C 




(3 


* 


ex Pre : 


(3 U, 

0.1J, 


( 3 . 16 ) 

( 3 . 17 , 


Distributive Law 

Distributive law states that multiplying term-by-term in just the sanie 
ordinary algebra can expand an expression. Wa V asj, 

Law \3: A • (B + Q = A • B + A • C 
Law 14 :(A + B).{C + D) = AC + AD + BC + BD 
Law 15 :AB + AC = A.(B + C) 

Example 3.1 Prove the following Boolean theorems: 

(a) A + BC = (A + B)(A + C) (f) AB + AB = A 

(b) A+AB=A (g ) (A + B)(A+ B)=A 

(c) A(A + S) = A (h) AB+AC=(A + C)(A +B) 

(d) A+~AB = (A + B) (i) AB+ A C+ BC = AB + A C 

(e) A(A +B) = AB 


Solution 



(b) 

l.h.s .=a + ab 

= A(1 +B) 
= A 

= R.H.S. 

(c) A(A + B) = A 

l.h.s. = a(a + B) 
= aa + ab 
= A + AB 
= A(1 + B) 
-A 

= R.H.S. 


(v 1 + B = 1) 


(v A A = A) 
(V 1 + B = 1) 


(d) A + A B = (A + B) _ 

R.H.S. = (A + B) = (A + B) • 1 ('•' A + A = 1) 

= (A + B)(A + A ) 

= AA + AA +AB+ AB (v A A = 0 and AA = A) 
= A + 0 + AB + A B 

= A(1 +_B) + AB (v 1 + 8 = 1) 

= A + A B 
= L.H.S. 


(e) A (A +B) =AB _ 

L.H.S. = A-(A + B) = A A +AB 
= 0 + AB 
= AB = R.H.S. 


(f ) AB + AB = A _ _ 

L.H.S , = AB + AB =A{B+ B) 

= A. 1 (v B + B = 1) 

= A 

= R.H.S. 

(g) (A + B) (A + B) = A — _ 

L.H.S. = (A+ B)(A + B) = AA + A B +AB+BB 
=’A + Afi + AB + 0 

= A (1 + B) + AB (vl+B=l) 

= A+AB 

= A (1 + B) (v 1 + B = t) 

= A 

= R.H.S. 

(h) AB + A C = (A + C) (A + B)_ 

R.H.S. = (A + C)(A + B) = A A + AC+AB+BC 
= 0+ AC + AB + BC 
= AC + AB + BC. 1 




















= AC + AB 

= l.h.s. 
o) 

L.H.S = AB+AC + BC _ 

= aB+ AC+BC(A+~A) 

- A5+ i4C + /4BC+ -45C 
= /»S(l+0 + AC(l+5) 

= AB + 

= R.H.S. 

Example 3.2 Simplify the following expression: 
Y(A.B.C.D) = ABD + ABD 


Solution 

Y=ABD+ABD 
Y{A, B,C,D)=AB(D + D ) 
=AB. 1 
-AB 


Example 3.3 Simplify the following Boolean equations 

(i) Y(A.B,Q=ABC + AB +ABC 

(ii) Y(A.B. C.D)=ACD+ABCD 

Solution 

(i) Y(A.BX) =abc + ab+abc 
= AB(C+C)+aB 

= AB. 1+ ab 

= AB+ AB 

= B(A+ A) 

Y =B 


® r,AB - C - D >‘*CD+t BC0 

= CD(A+AB) 

^ have seen that A+AR a 
=ACD + BCD 


(i) Y(A,B,Q = AC +ABC 

(ii ) nA.B.C,D)=ABCD +ABCD 

Solution 

(j) Given Boolean expression is 
Y(A, B, C) = AC + AB C 

= AC [1 + B] 

-AC (since 1 + B = 1) 

(ii) Given Boolean expression is 

Y(A, B, C, D) = A BCD +ABCD 
= AB D [C+C) 

- A B D (since C+ C = 1) 

3.3 OVERVIEW OF LOGIC CIRCUIT 
Logic Cates 

Logic gate is a digital circuit. It has one or more inputs and only one output. The 
input(s) and the output of a gate is logic 1 or logic 0. Here the word ‘logic’ is used 
because the values of 1 and 0 are not fixed. The gates, which perform logical OR, 
AND and NOT operations, are known as basic gates. Any Boolean expression can 
be realized using these gates. 

Truth Table 

A truth table is a means to describe how the output of a logic circuit depends on the 
logic level present at the input(s). The table lists all possible combinations of logic 
levels present at the input(s) along with the corresponding output. There are four 
entries for the two-inputs truth table, eight entries for a three-inputs truth table, 
and so on. The number of input combinations will be equal to 2' v for an N-input 
truth table. The list of all possible input combinations follows the binary counting 
sequence and so it is an easy task to prepare a truth table. 

Types of Gates 

Listed below are the different types of gates: 

1. AND gate 

2. OR gate 

3. NOT gate 

4. NANDgate 

5. NOR gate 

6. EX-OR gate 

7. EX-NOR gate 





Examples 

1 Consider the logic circuit shown in Fig. 3.5. 

The circuit consists of two AND gates, 
one OR gate, and the inputs to the OR 
gate are the outputs of AND gate! and 
AND gate 2 . Since the inputs of AND 
gate! are A and #, the output will be 
A • B ; and since the inputs of AND gate 2 
are C and D, the output will be C • D. Fig. 3.5 Logic circuit 

The output of OR gate is 



Y 


T(A, /?, C, D) = A£ + CD 


2. Consider the logic circuit shown in Fig. 3.6. 

The circuit consists of two OR gates, one 
AND gate, and the inputs to AND gate a 
are the output of OR gates. Since A and B 
B are the inputs to OR gate,, the output 
will be A + B\ and since C and Dare the D 
inputs to OR gate 2 , the output will be C 
+ D. The output of AND gate is Y(A, B , F, &* 36 Log,c c,rcu,t 

C, D) = (A + B).(C+D). 



3. 


Consider the logic circuit shown in Fig. 
The circuit consists of an AND and a 
NOT gate. Whenever a NOT gate is 
present in a logic circuit, its output 
expression is simply equal to the input 
expression with a bar over it. 

The output of AND gate is A . and 


3.7. 


A 

B 


Fig. 3.7 Logic circuit 


Y 


the output of the given logic diagram is Y = A • B. 


Implementing Circuits from Boolean Expressions 

The operation of logic circuits is defined by Boolean expressions. A logic circuit 
diagram can be implemented directly from the expression. 

Examples 

1. Implement the Boolean expression 

Y = A + B + C. 

This equation can be implemented 
using a 3-input OR gate, as shown in 
Fig. 3.8. 



Fig. 3.8 Implementation of the 
Boolean expression 
Y = A + B + C 








































































using a ^'' n ^ 0 ffae inputs as shown in fig. j.v. '4 l{ 

inverter on o ^ 

’■ '* "1«—'« “™ ! <4S '" c 71 sc i‘ hi '-.« 

together. These mpu expressio n is shown in Fig. 3 . i 0 . C \ 

logical diagram tor tn 



3,4 PeMORGAN'S THEOREMS _ 

DeMorgan contributed the two most important theorems of Boolean algebra. These 
theorems play an important role in the simplification of Boolean expressions, 
DeMorgan’s first theorem states that the complement of sum of digital signal is 
equal to the product of its complements. 


i.e. A + B + C + ... + N = A . B . C ... N 


(3.19) 


In other words, when the ORing of the variables is inverted, it is same as inverting 
each variable individually and then ANDing these inverted variables. 



Fig- 3.11(a) Implementation of DeMorgan's first theorem 


indicates 11131 ^ input signal is invei1ed 
signal is equal to the sum ofitscomple'ment 16C ° mplement of a P roduct of dl 2 ilal 


each 


In other words, when the product n f . 

* vanable ,ndlvidu ally and then “ VenBd ’ k ‘ S same as inverting 


(3.2 



Fig. 3.11(b) Implementation of DeMorgan's second theorem 
Example 3.5 Simplify the expression 
Y(A. B. C, D) = (A +C).(B + D) 

Solution 

Given Boolean expression is 

Y(A, B, C, D) = (A+C).(£ + D) 

U^ing DeMorgan’s theorem, 

Y(A. B , C, D) = (A+C) + (B + D) 

= (A . C) + (£.D) 

= (A.C) +(B.D) 

= A. C +B . D 

Example 3.6 Simplify the Boolean expression: 

Y(A,B) = (A + B)(A+B) 

Solution 

Given Boolean expression is 

Y(A,B) = (A + B)(A+B) 

Using DeMorgan’s theorem, 

Y(A, £) = (A.£)(A .1) 

= A • B • A *B (since A • A = 0) 

= 0 

3.5 STANDARD REPRESENTATION FOR 

LOGICAL FUNCTIONS __ 

Boolean expressions are also known as logic expressions. Logical functions are 
expressed in terms of logical variables. The value assumed by logical variables is 
in binary form. The logical functions can be represented in two forms, viz. 

(i) Sum of products form 

(ii) Product of sums form 

3.5.1 Sum of Products (SOP) 

In sum of products form, the Boolean expressions are defined by the sum of product 
terms. This form consists of two or more AND terms that are ORed together. Each 
AND term consists of one or more variables appearing in either complemented or 
uncomplemented form. 
























the third AND 

3.5.2 Product of Su" 1 * ex pressions are defined by the prodl| 

In product ofsumS i® 0 f twoor more than two OR terms, which are A °S 
consists of one or more variables in co mpl A J\ 

y=(A + B)(A + B+ ( 3 ,, 

v AND of three OR terms. The first OR term contains two va^, 
where Y is AN contains three variables (i.e.A + fi + q blc 

lie A+B)', the second OR term '-andft, 

third OR term contains only one variable (i.e. B). 

U MINTERM AND MAXTE RM-- 

Equation (3.21) is in the form of sum of products, and the output is a functi 0no( 
three variables. But the first term has two variables and the third term has only 0n( 
variable. 

If each term in the sum of products form contains all the variables (literals, 
then the expression is known as standard sum ofproducts form or canonical sutnoj 
productsform ; and each individual term in standard sum of products form is called 
as minterm. 

The SOP form can be converted to standard SOP form by ANDing the terms in 
the expression with the terms formed by ORing the variables which are not present 
in that term and their complements. For example, 

y(A,B, C)=AB + ABC +B (3 23 ) 

The first termot Eq. (3.23) has two variables and the third term has one variable 

Trp mi v C IT™' Varia ^ e ^ * s in the third term, variables A and C 

(C 77 / en ^ C t0 get the stand ard SOP form, multiply the first term by 
(C+ C) and the third term by (A + A) (C + C) 

y(A, B, 0=AB(C+CU / iRr_ L d/„ - - 

>+ ab C + B(A + A)(C + C) 

C+ABC+ABC + ABC + ABC + ABC + ABC 

-ABC+ABC+APr, _ 

The total minterms are six, which + A BC + A B C (3.24) 


A BC(111) =m 7 
A BC (100) = m 4 


AB C(110) = n 

^C(001) =A 


4 B C(101) = /«5 
ABC(OOO) = m 0 


If each term of the product of sums contains all the variables, then the expression 
is known as standard product of sums form or canonical product of sums form , and 
each individual term in the standard product of sums form is called as maxterm. 

The POS form can be converted to standard POS by ORing the terms in the 
expression with the terms formed by ANDing the variables which are not present 
in that term and their complements. For example, 

Y(A , £, C) = (A + B)(A + B + C ) 

The first term of the above equation has two variables, variable C is missing 
and hence to get the standard POS, the term (C) in the first term must be ORed. 

K(A, B, C) = (A + B + CC) • (A + B + C) 

= (A + B + C)(A +B+ C)(A + B + C) (3.25) 

The total maxterms are three, which are: 

(A + B + 0(010) = Af> 

(A+ B +C)(011) = M 3 

(A + B + C)(001) = Mj 

Equation (3.25) can be written as a product of maxterms, as follows: 

K(A, B, Q = riM(l,2, 3) 

For SOP, the uncomplemented variable corresponds to logic 1 and the 
complemented variable corresponds to logic 0. For POS, the uncomplemented variable 
corresponds to logic 0 and the complemented variable corresponds to logic 1. The 
minterm and maxterm for three variables are given in Table 3.6. 


Table 3.6 Minterm and maxterm for three variables 


Variables 

Minterm 

Maxterm 

A 

B 

c 

0 

0 

0 

ABC =m 0 

A + B + C — Mo 

0 

0 

1 

ABC = mi 

A + B + C = M, 

0 

1 

0 

ABC = tn 2 

A +B + C = M 2 

0 

1 

1 

ABC = m 3 

A + B + C = M 3 

1 

0 

0 

ABC =m 4 

A + B + C — M4 

1 

0 

1 

ABC - m 5 

A + B + C — M5 1 

1 

1 

0 

ABC - m 6 

A + B + C = M 6 

1 

1 

1 

ABC = m 7 

A + B + C = M 7 
















Given i 


th e 


n n-AB+ C 

m ' converted into standard SOP formby multiply. 

This equation c_ secon d term by (A + A ) (B + B). 

= < SC,ASC*/l8C-MSC + /l8 c+Jg e 

/Ja!0»'"> "OlOW-m. «C(, I0) 

‘mm-. 

y(/t,B.O =i, ” (0 ’ 2 ' 4,5,6) 

Example 3.8 Convert the following Boolean function into standard SOP ^ 
express it in terms of minterms. 

Y(A,B.Q=AB + AC +BC 

Solution 

Given equation is 

Y(A,B,C)=AB+AC +BC 

This equation can be converted into standard SOP by multiplying the first term 
by(C+ C), the second term by (B + B), and the third term by (A + A). 

K(A, B. Q =AB(C+ C) + AC(B +B) + BC(A + A) 

=ABC+ABC +ABC + AB C +ABC+ A BC 
=ABC+ABC +ABC + A BC 
Each term of the standard SOP can be represented by a minterm. 

ASCflll) =m 7 ABC(\ 10) =/n 6 

d SCO 00) =m 4 ABC(0\Q) =m 2 

The express.cn in terms of minterms can be written as 
y(A, B,Q = l m (2_ 4_ g ^ 

Example 3.9 Convert the following Rnn i f 

express it in terms of maxterms 8 630 function int0 standard POS anti 

r<A.B,c,, (AtBUthuci 

Solution 

Given equation is 


y<A,B.C) = (A +B)(B + c m + C) 


l ^ / v* ~ ~ / V*" < > t X I \ - Vf» T V/ t ; 

= (A+ B + Q(A + /? + C)(A + fl + C)(A+B + C) 
(A + B + C)(A + B + C) 

=(A + B + C) (A + B + C) (A + B +C) (A + B + C) 
Each term of the standard POS is called as maxterm. 

(A + B + 0(000) =M 0 (A + B + C)(001) = M x 

(A + B +C)( 101) = M 5 (A + + 0(010) = M 2 

The expression in terms of maxterms can be written as 
Y(A , C) = nM(0, 1, 2, 5) 


3.7 SIMPLIFiCATION OF BOOLEAN EXPRESSION_ 

The design of a digital system is nothing but to determine the Boolean expression 
from the given information and to implement the Boolean expressions by using 
suitable digital components [i.e. gates and flip-flops]. To reduce the requirements 
of hardware, it is necessary to simplify the Boolean expressions. Boolean expressions 
can be simplified using 

(i) Algebraic simplification, 

(ii) Karnaugh map method, or 

(iii) Quine-McCluskey method. 

3.7.1 Algebraic Method 

Algebraic method is one of the simplest methods to simplify the Boolean expression. 
In this method. Boolean theorems are used to simplify the expression. The drawback 
of this method is that there is no way to distinguish whether the simplified expression 
is in its simplest form or it can be simplified further. For example, 

Y(A,£, C) =AB + AB -(A + C) 

= AB + AB A +AB C (since A • A = 0) 

= AB + ABC 

Example 3.10 Simplify the logic circuit shown in Fig. 3.12. 

























Example 3.11 Simplify the expression: Y(A.B.D) = ( A + B)(A + 

+0 )fi 

Solution 

Given Boolean expression is 

Y(A,B. D) = (A+B)(A + B + D)D 

= (A+B)(AD + BD + DD) 

= (A+B)(AD + BD) (since/?/) =0) 

= AAD + ABD + ABD + BBD 
= ABD+ABD + BD (sinceA A =Oandfifi.j 

=BD(A+A) + BD 

= BD+BD (since A + A = l) 

= BD 


Example 3.12 Simplify the following three-variable expression using Boofe 
Y(A,B,Q = lm (0,1,3,4,7) 

Solution 

Output Y is a summation of minterms m 0 , m h m 3 , m 4 , and m 7 . 

m 0 = 000 = ABC /», = 001 = lBC m 3 = 0U=ABC 

m 4 = 100 =ABC m 7 = 111 - ABC 

Boolean expression in standard SOP form- 

■ •'Stc *q +SC( j tjl)+/( j e 

= 45 + BC-MBC 
Example 3.13 Simplify the following »h 

algebra: ree - va riable expression using Boole® 

B.Q = Jjn (0,2,4,6) 


m 2 = 010 = A BC 
m 6 =110 = ABC 


rn {) = 000 — ABC 

m 4 =100 = AB c 

Boolean expression in standard SOP form: 

Y(A, B.C) =ABC + ABC +ABC +ABC 
= AC(B +B)+AC(B +B) 

= A C +AC 
= C(A + A) 

= C 

Example 3.14 Simplify the following three-variable expression using Boolean 
algebra: 

P(A, B. C) = Zm (0, 1, 2, 3, 4, 5, 6, 7) 

Solution 

Output Y is a summation of minterms m 0 , m b m 2 m 3 m 4 m 5 m 6 , and m 7 . 
m 0 = 000 = ABC rn^OOl =A£C m 2 = 010 = A£C 

m 3 = 011 =ABC m 4 = 100 = ABC m 5 = 101 =ABC 

m 6 = U0 = ABC m 7 = 111 = ABC 

Boolean expression in standard SOP form: 

Y(A,B y Q = ABC + ABC + ABC + A BC + ABC + ABC+ABC +ABC 
= AB(C + Q + A B{C + C) + AB(C + C) + AB(C + C) 
=AB+AB+AB+AB 
9 =A(B+ B)+A(B+B) 

= A + A 
= 1 

Example 3.15 Simplify the following three-variable expression using Boolean 
algebra: 

K(A, fl, Q = nA#(l,3 f 5 f 7) 

Solution 

Output Y is a product of maxterms M,, M 3 , M 5< and M 7 . 

M, = 001 = (A + B + C) M 3 =011 = (A+B+C) 

M 5 = 101 = (A+B + C) M 7 =111=(A + B+C) 


Y( A 


Lb+ac+ab+o+cb) __ 

■"■V ,' R+ AC + AB + 0 + BC + BC + O) 

, 0+ AB+AL* _ _ _ _ - _ _ 


w '- 0 T^-» 

flA.ftO-tf+WX* _ 

y(A ' B ,C) = (A+CB)(A+C) _ _ 

m B.Q‘AA*JC*ACB*CBC 

Y(A,B,C) = 0 + AC + AC ^ + CB 
nA,B,Q=AC+(A + » CB 
Y(A, B,Q= AC + CB 

3 7 2 Karnaugh Map Simplification 

Be algebraic simplification method has a drawback that there is no easy way , 0 
2whether the simplified expression is in its simplest form or it can be simplified 
further. Th.s problem of algebraic simplification method ts overcome in Karnaugh 
map (K-map) simplification. 

K-map is a graphical technique to simplify Boolean expressions. It provides a 
systematic method for simplifying and manipulating Boolean expressions. K-map 
contains cells. The number of cells in a K-map depends upon the number of variables 
in the Boolean expression. Actually, K-maps can be used for any number of 
variables. But it is used only upto six variables; beyond six variables, it becomes 
veiy difficult. Two-variable maps contain four cells, three-variable maps contain 
eight cells, four-variable maps contain 16 cells, and //-variable maps contains 2 n 
cells. 

Each row and each column of the map is assigned by Os and Is as shown in 
Fig. 3.13. 



Each cen oi a. ix-iu«p ** awigucu a ueu numi 
from columns and rows as shown in Fig. 3.14. 



Representation of Truth Table on K-map 

The truth table defines how the inputs and outputs are related. Inputs and outputs 
are either logic I or logic 0. The representation of truth table in a K-map marks the 
output state of a digital system in cells of K-map corresponding to input conditions. 
For example, the truth table of a two-variable digital system is given in Table 3 7 
and its representation on K-map is shown in Fig. 3.15. 


Table 3.7 I ruth table ot two variables 


A 

B 

Y 


L 

0 

1 

0 

0 

0 

0 

0 

1 

0 

1 

1 

l 

1 

1 

1 

1 

0 

1 

1 

1 

Fig. 3.15 


The truth table of three-variable digital systems is given in Table 3.8 and its 
K-map representation is shown in Fig. 3.16. 



Table 3.8 Truth table of three variables 


k ab 
cVoo 

01 

11 

10 

0 

0 

l 

0 

1 

1 

1 

0 

1 

0 


Fig. 3.16 


































































AB 

00 

01 

11 

10 

00 

1 

1 

0 

0 

01 

0 

1 

1 

0 
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Fig. 3.17 


For example, let us take a Boolean expression 
Y(A,B.Q = AB + BC + ABC 

In the first term of expression, variable C is missing; in secondtem, vmable A 
is missing; and the expression is not in standard form. The standard SOP can be 
obtained by ANDing the first term with (C+ C) and the second term with (A+ A). 


Y(A,B.C)=AB(C+C) + (A+ A)BC + ABC 

=ABC+ABC +ABC + ABC + ABC 


ABC( lll) = m 7 
ABC( I10) = m 6 
AfiC(010) = w 2 
dfiC(00l) = m, 
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F'g.3.18 YIA,B,Q =AB + BC + ABC 


rted into stanumu r «nv* “‘^icu m eacn cen corresponding to 

conVe aXte rnis of expression and the remaining cells are filled with Is. For example, 
Jf® take a Boolean expression 

Y{A, B, C) = (A + B)(B + C) (A + B + C) 

the first term, variable C is missing; in the second term, variable A is missing, 
Hthe expression is not in standard producUrf sums form. The standard POS can 
311 obtained by ORing the first term with C C and the second term with A A . 

K(A, fl,C)=(A + 5 + CCP+C + AA)(A+B+C) 

= (A + £ + C)(A + £ + C )(A + B + C)( A +B +C)(A + B +C) 


be 


A + B + C(000) = Af 0 A + B +C(001) = M x 

A + B + C( 010) = M 2 A + B + C(110) = M 6 


The Boolean expression can be written as 
K(A, £, C) = ITM(0, 1, 2, 6) 

The K-map representation of the above expression 
is shown in Fig. 3.19. 

Example 3.16 Represent the following Boolean 
function by K-map: 
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Fig. 3.19 V[A,B,C)« (A+B) 


(B + Q(A + B + C) 


T(A, £, C, D) = ABC + B CD+ BD 


Solution 

Given Boolean expression is 

T(A, C, D) = ABC +BCD + BD 

It is a four-variable Boolean expression in SOP. Variable D is missing in the 
first term, variable A in the second term, and variables A and C are missing in the 
last term. The expression is not in a standard form. The standard SOP can be obtained 

by ANDing the first term with (D + D ), the second term with (A + A), and the 

last term with (A + A) and (C + C). 





































00X0011) = "'3 
00X0101) = m 5 
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ABCD( 1 111) = m 15 
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Fig. 3.20 Y(A, B, C, D) - ABC + 
BCD + BD 


The Boolean expression can be written as 

Y(A, B, C, D) = Zm(3, 5,7,11.13.14.15) 

K-map representation of the expression is shown in Fig. 3.20. 


Example 3.17 Represent the following Boolean expression by K-map: 

Y(A,B,CD) = (A + B+C)(A+C+D) 


Solution 

Given Boolean expression is 

y(A. B, C. D) = (A + B + C)( A +C+ D) 

It is a four-variable Boolean expression in POS. Variable D is missing in the 
first term, B is missing in the second term, and the expression is not a standard 
POS. The standard POS can be obtained by ORring the first term with D D and 
the second term with BB. 


Y(A,B,C,D) = {A + B + C +DD)(A +C+ D + BB) 


= (A + B+ C +D)(A + B+ C + D)( A +B + C+ D) 
(A +S+C+ £>) 


(A + B+C + D)(0010 ) = w 2 
(A + B + C + D)(0011) = W) 

(A+fi + C + 5)(|00| )=;W() 

(A + B +c+ o )(l i 0))=Wi3 


.AB 

rn\_00 

01 

11 

10 

00 

1 

1 

1 

1 

01 

1 

1 

0 

0 

11 

0 

1 

1 

1 

10 

0 

1 

1 

1 


WRgmME& &’:T nt - M + B 


Group"'* ' 

h table, SOP, and POS can be represented on a K-map. The minterms are 
^kedby 1 and maxterms are marked b y °- 

niar > simplification of logical functions with K-map is based on the principle of 


Thes 


ng terms in adjacent cells. Two cells are said to be adjacent, if they differ 
COlTI ne variable. Four cells are said to be adjacent, if they differ in two variables. 

in ° cells are said to be adjacent, if they differ in three variables, and so on. The 
lifted SOP is obtained by grouping adjacent Is and the simplified POS is 
obtained by grouping adjacent Os. 


uping of two adjacent cells Two cells are said to be adjacent if they differ in 

^ ,r0t variable. For a two-variable K-map, the bottom two cells are adjacent 
only one veu 

h ton two cells are adjacent. Also the left two cells and right two cells are 
and tne top 

adjacent as shown in Fig. 3.22. 



Fig. 3.22 Grouping of two adjacent cells in two-variable K-map 


The groups of two adjacent cells are. 0-2, 1~3,0-1,2-3. 

For a three-variable K-map, the possible groups of adjacent two cells are shown 

in Fig. 3.23. 



Fig. 3.23 Grouping of two adjacent cells in three-variable K-map 


The groups of two adjacent cells are: 0-1,2-3,6-7,4-5,0-2,1-3,4-6,5-7,2-6, 
3-7, 0-4, 1-5. 

For a four-variable K-map, the possible groups of adjacent two cells are show n 
in Fig 3.24. 
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04 , 8 - 12 , 1 - 5 , 9 - 13 , 

3 - 7 , 11 - 15 , 2 - 6 , 10-14 
Fig. 3.24 Grouping of two adjacent cells in four-variable K-map 
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F ,g . 3.26 Grouping of f 0uradj ’ 


0-2-4-6, 1-3-5-7 
'^variable K-map 


are shown 




Grouping of four adjacent cells Four ceils are said to be adjacent if they diff er 
in two-variable. Forexample, in a two-variable K-map, all four cells form a single 
group as shown in Fig. 3.25. 


Fig. 3.25 Grouping of four adjacent cells in two-variable K-map 
Fi^l 2&' ree * Variable ^ map ’ possible Sroups ° f four adjacent cells are shown in 
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Fig. 3.27 Grouping of four adjacent cells in four-variable K-map 

Grouping of eight adjacent cells Eight cells are said to be adjacent, if they differ 
ln t ree variables. For example, in a three-variable K-map, all the eight cells form 
a s mgle group as shown in Fig. 3.28. 










































































































































Fig- 3 


28 Oroup' n 8 


For afour-v^ K - maP 


of eight adjacent cells in three-variable K- map 
,he possible groups of eight cells are sh 0 
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Fig. 3.29 Grouping of eight adjacent cells in four-variable K-map 

3.8 SIMPLIFICATION OF SUM OF PRODUCTS _ 


We have seen the representation of truth table and SOP on K-map, and groupin- 
of two, four, and eight adjacent cells. The simplified form of SOP is obtaine ) 
grouping adjacent Is. Consider the example 
of two cells of Is form one group: 


M.B,C)=ABC + ABC 
= BC(A +A) 

= BC 





1 I 
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-h- 

_ I 


ABC ABC 

This equation can a- , Fig. 3.30 Four-variable K-map 

ocedure: ' reet y obtamed from the K-map by using the foll ovv,n - 


map by using 

The variables 0 or 1 wilUM ’ ? nd See , ' le va ' ues of the variables associate 

1WUI get eliminated. 


Consider me lunuwiug 


For group t»variable A is 0 or 1 and 
hence it is eliminated, variable B is 1, C 
is o and D is 1. The term of group 1 is 

BCD- For group 2, variable A is 1, 
variable B is 1 or 0 and hence it is 
eliminated, C is 1 and D is 0. The term 
of group 2 is ACD. The simplified 
equation is the sum of these two 
groups, i.e. 



T(A, B, C, D) = BC D + AC D 
Consider the example of four cells of 1 s form a group: 


X^ g nn 01 l 11 »0- 



1 

1 



1 

1 



y(A, B, C) = A B C +ABC + ABC + ABC 
= AB(C +C)+AB(C +0 
= AB + AB 


Fig. 3.32 Three-variable K-map - B (A + A ) B 


This equation can be directly obtained from the K-map by using the following 

procedure^ ^ ^ ^ ^ of the variables associated with these 

cells the variables 0 or 1 will get eliminated. Other variables will appear in 
ANDld form. In the term, the variable is uncomplemented tf ,t is 1 and 
complemented if it is 0. 


If the groups are more than one, 
then the term corresponding to 
each group of adjacent Is is 
determined, and the simplified 
equation in sum of products form 
is obtained by ORing the terms of 
the groups. 
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Fig. 3.33 K-map 

Consider the following example. ruOandD 

For group 1, variables A and B are 0 or 1; and they are eliminated, C ts 0 and D 
is 0; the term of group 1 is CD. For group 2, variable A and v ^ e ^ 0 u 
they are eliminated. C is 1 and D is 1: the term of group 2 is CD. The simpU 

equation is the sum of these two groups, i.e. 


Y(A,B.C.D)= CD +CD 
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Fig. 3.34 K-map 

Y(A.B,C,D) - ABCD + ABC D + ABCD + ABCD 
-r a urn 4 - ar rn 


abcd+abcd+abcd ' Sc », 

= ACD(B+B)+ACD(B+B)+A CD(B+ B) 


- ACD + ACD+ ACD + ACD 
= AD(C+C) + AD(C + C) 

= AD+AD 
= D(A+A) = D 

This expression can be directly obtained from K-map by using the f o l| 0tt 
procedure: 


1 


ocedure: 

1. Identify adjacent Is, see the value of the variables associated with thes< 
the variables those are 0 or 1 will get eliminated. Other variables will ; 
in ANDed form. In this form, the variable 
will be in uncomplemented form if it is 1 and 
in the complemented form if it is 0. 

2. If the groups are more than one. then the 
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3.35 

K-map 


' 1, D is 0 or 1 and they are eliminated: 


vvriivopuiiujiig lucduigiuupui aujaceru 
Is is determined and the simplified equation 
in sum of products form is obtained by ORing 
the terms of the groups. 

Consider the following example. 

For this group, variable i4 is 0 or 1 , Cis 0 or 
id variable Sis 1 , j. e . 

Y=B 

In the above discussion 

found that: r °ups°f2,4, and 8 adjacent Is are considered, andit 

Groups of two adjacent hr i- : 

total number of variables ^ 1 ^ 3 tCnTI one var t a ^ e ^ ess ^ an ^ 
2 - Grou P s of four adjacent k 

total number of variables ‘ “ 3 term w 'th t wo variables less than the 
Groups of eigh, adjacent u 

total number of variab|es resu,t 'na term with three variables less than the 


The same logic can be extended to 16,32, and 64 adjacent Is. The procedure to 
simplify the Boolean expression using K-map is: 

1 Represent the sum of products expression on a K-map. 

2. Form the groups of possible adjacent Is as 8,4,2, 1. 

3. Write the Boolean term of each group. 

4. Write the simplified expression in sum of products form. 

Example 3.18 Minimize the following expressions using K-map: 

(a) Y(A, B, C) = Im(l, 3, 5, 7) 

(b) Y(A. B, C) = £m(0, 1, 4, 5) 

(c) Y(A, B.O = 5>n(0, 2, 4, 6) 

Solution 

(a) Y(A, B, C) = Zm(l, 3, 5, 7) 

The representation of SOP by K-map is shown in Fig. 3.36(a). 
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.T 
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Y{A,B,C)=C 


Fig. 3.36(a) Y(A, B, C) - Lm(1, 3, 5, 7) 

(b) Y(A y 5, C) = lm(0, 1, 4, 5) 

The representation of SOP by K-map is shown in Fig. 3.36(b). 
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Y=B Y(A,B,Q = B 


Fig. 3.36(b) Y(A, B, Q = £m(0, 1, 4, 5) 

(c) Y(A, B,Q = Em( 0,2,4, 6) 

The representation of SOP by K-map is shown in Fig. 3.36(c). 
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c\_oo 
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1 > 


Y(A,B.C) = C 


Fig. 3.36(c) Y(A, B, Q - lm(0, 2, 4, 6) 

Example 3.19 Minimize the following expressions using K-map: 

(a) Y(A,B, C) = lm(0,1,2,3,4,5,6,7) 

(b) r(A,B,C) = Im(0,2,4) 

















































0 


Y(A,B,C) = 1 


;T~ 

i 

i 

i 

\i___ 


i 

i/ 


via B O " £m(0, 1, 2, 3, 4, 5, 6, 7) 
Fig. 3.37(a) Y(A, B, U 


. Y(A.B,Q = AC + BC 
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Fig. 3.37(D) > v'v - 

(a) nA,B,C.0) = SM((U ’ 2 ’ ’ ’ 

c. 0 ».«o.,47,»,.o.a.3> 

8. C. D> = WO.2- 3' 4 - 5 ' 6 ; ’■ "• 3 '^ ) 

The K-map representation is shown in i 



The simplified Boolean expression is 
Y(A,B,C'D)=A +BCD + BC D + BCD 

(b) Y(A , B, C, D) = lm(0,2,4,7,8, 10,12,13) 

The K-map representation is shown in Fig. 3.38(b). 
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Fig. 3.38(b) Y(A, B, C, D) 


£m(0, 2,4 7, 8,10,12,13) 


The simplified Boolean expression is ^ 

T(A. B, C, D) = CD +BD a- ABC + A BCD 
, jmD/e 3 21 Minimize the following logic function using K-map. 

and implement it using logic gates. 

Solution 

The logical function is ., , 4) 

Y(A, B, C, D) = Xm(0. F2,3, 5,7,8,9, 11,14) 

The K-map representation is shown in Fig. 3.39. 

The simplified Boolean expression is^ ^ 

T(A,B.C,0)-A5 + AO + BC + B r ABCO 




Fig 3.39 
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Y(A, B, C, D) - Xm(0, 1. 2 , 3, 5, 7, 8,9, 11,14) 
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Solution 

The losicfll function is 

K(A. B. C, D) = Im( 0. 1, 2, 3, 4, 7, 8, 9, 10, 11,12, i 4) 
The K-map representation is shown in Fig. 3.41. 
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Y=B+CD+ACD+ABD 


Fig 3.41 YiA. B ■ C > D) ~ Im(0 ' 1( 2 ' 3 ' 4 ' 7 ' 8 ' 9 ' 10 ' 11( 12,14) 

Simplified Boolean expression is 

T(4 B,C,D)= ACD+AD + C D + B 
This expression can be implemented using AND, OR, and NOT gates. 



Fig 3.42 Implementation of Y(A, B, C, D) - B + C D + A CD + ABD 

Example 3.23 Simplify the following Boolean expressions: 

(a) F(A, B, C, D) = Em(l, 2, 5,6, 8,9) 

(b) Y(A. B, C, D) = Xm(0,1,2,3,4, 5, 6,11) 

Solution 

(a) The Boolean expression is 

Y(A, B, C. D) = Im(l,2,5,6, 8,9) 

The K-map representation is shown in 
Fig. 3.43(a). 


Y(A,B,C,D)= A CD+ ACD+AB C 



The N-map - 

Fig. 3.43(b). 

The simplified Boolean expression is 
Y(A,B.C,D)= A C + A B+A D +BCD 
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Fig 3.43(b) 

Example 3.24 Minimize the following Boolean expressions using K-map. 

(a) Y(A,B,C,D) = AB + CB + C 

(b) Y(A.B.C.D) = ABC + BCD + BCD 

tr;“ ft. given SOP a no, in » — <™.« *»“ * 

standard SOP. 

s 2: Write the expression in terms of mmterms. 

step 3: Represent the expression by K-map. 

Slep 4: Form the groups of possible adjacent Is as 8,4,2,1. 
ftep 6: Write the Amplified expression in sum of products form. 

"T- — fom. ANDing ,he to, «nn 

wllh (C * C>. second term with (A + A), and ,h„d term »M> 1* * « 
{B + B ), the standard sum of products form is obtained 

Y(A, B,Q = ABIC + C) + CB (A + A) + C((A + A)(B+B » 

=ABC + ABC+ABC + A BC+ABC+ABC+A BC+A BC 
=abc+abc+abc+a BC + ABC 
In minterms, the Boolean expression can be written as 

Y(A, B, C) = 2m(7,6, 5,1,3) 

The K-map representation is shown in Fig. 3.44(a). 
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Fig. 3.44(a) 

































































111 : n the first term, A is mining ... u.c ^cona term ann , H 

®» mlss ;r"« »«* * f »"» , 

«m of prod** f«™ “ ° b «' ncd ' 


nAi g- c, D) = ABC(D + D) + BCD{A + A) + BCD(A+ A ) 
-ABC D+ABC D +ABCD+ A BCD+ABC 0 + £ 
In minterms, the Boolean expression can be written as 


Y(A B C £>) = E"'( 13 ' 12 ’ 15 ’ 7, 14,6) 
The simplified Boolean expression is 

Y(A.B,CD) = AB + BC 



Fig. 3.44(b) V(A, 8, C, D) - Im(13, 12, 15, 7, 14, 6) 


Example 3.25 Minimize the following Boolean expressions using K-map: 

(a) Y{A.B,C,D) = AB + CB +AC 

(b) Y(A, B, C,D)=ABC + BCD + B 

Solution 

(a) Y(A,B, Q = AB + CB + AC 

This is a three-variable Boolean expression. Variable C is missing inn 
first term, A is missing in the second term, B is missing in the third ten 
and the expression is not in a standard form. ANDing the first termwu 
(C+ C). the second term with (A + A ), and the third term with (fl + # '■ j, 
standard sum of products form is obtained. 

Y(A, B. Q =AB(C+ C) + CB+(A+ A)+AC(B+B)) 

= ABC + ABC +ABC+ A BC+ABC+ABC 
= ABC + ABC +ABC+ A BC 


The simplified Boolean expression is 
f(A, B.C) = CB +AB 


HA, B, C,D) = ABC + BCD + BD 

This is a four-variable Boolean expression in sum of products form. ANDing 
the first term with (D + £>), the second term with (A + A), and the third 
term with (A + A) and (C + C), the standard sum of products form is 
obtained. 

Y(A,B, C,D)= ABC(D + D) + BCD(A + A) + BD(A+ A)(C+ C) 

= ABCD + ABCD + ABCD + A BCD + {AB D + 
ABD){C + C) 

- ABC D + ABC D + ABCD + ABCD + ABCD + 
ABC D) + ABCD + A BC D 
= ABC D + ABC D + ABCD + A BCD + ABC D + 
A BCD + A BCD 


In minterms, the Boolean expression can be written as 

T(A, B, C, D) = Im(13, 12, 15,7, 14, 6, 4) 

The K-map representation is shown in Fig. 3.45(b). 
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Fig. 3.45(b) Y(A, B, C, D) = Im(13, 12, 15, 7, 14, 6, 4) 

The simplified Boolean expression is T(A, B,C.D)= CB+AB + B D 




































Solution 

It is a four-variable logical function. ANDing the first term with ( C 
third term with (A+A). the standard sum of products form i s ob , + ° 

Y(A, B, C,D) = A BD(C +_C) + ABC D + BCD ( A + 

= ABCD+ A B C D + ABC D+ ABcd L 

In minterms. the Boolean expression can be written as 4 fl Qj 

Y(A, B, C, D) = Im(3,1,12, 15, 7) 

The K-map representation is shown in Fig. 3.46(a). 
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Fig. 3.46(a) 


The simplified Boolean expression is K(A, B y C,D)= A BD + BCD+a^q" 
Implementation of the above expression is shown in Fig. 3.46(b) 



Example 3.27 Simplify by the following truth table using K-map method 
Table 3.10 Truth table 
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Fig. 3.47 K-map representation of Table 3.10 
Simplified Boolean expression is F(A, B, C) = A B + AC + BC 

? q SIMPLIFICATION OF PRODUCT OF SUMS _ 

The simplified product of sums expression is obtained by grouping adjacent 0 s. 
Consider the example of a group of two cells of 0 s: 

Y(A, B, O = (A + B + C)(A+B+C) 

= AA + AB +AC + AB + B B + BC + AC + BC + CC 

= A+AB+AC+B+ BC + AC +BC 

= A(1 + B) + A(C+ C)+B + B(C+ C) 

= A + A + B + B 

= A + B 


Fig. 3.48 
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A + B + C 
A + B + C 


Three-variable K-map with two cells of 0s form one group 


This expression can be obtained directly from the K-map by using the following 
procedure. 

1. Identify adjacent 0s; see the values of the variables associated with these 
cells. The variables those are 0 or 1 will get eliminated. 

2. If the groups are more than one, then the term corresponding to each group 
of adjacent 0s is determined, and the simplified equation in product of sums 
form is obtained by ANDing the terms of the groups. In the term, the variable 
is complemented if it is 1 and uncomplemented if it is 0. 

Consider the following example. 
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Fig. 3.49 Four-variable K-map with group Q f 0s 

For group 1, variable A is 1, variable B is 0 or 1 and it iselim 

— n mated r- 

D is 0. The term of group 1 is A + C + D. For group 2, variable a 

^ 1 Off) 

eliminated, variable B is l,Cis l,and£>is 1. The term of gr 0Up 2 j, - 
The simplified equation is the product of these two groups, i. e 18 + ?+ £ 

Y(A, B, C, D) = (A + C + D) • (B + C + D ) 
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Fig. 3.50 Three-variable K-map with a group of four cells of Os 

Consider the example of a group of four cells of Os: 

Y(A, B, C) = (A + B + Q( A + B + C)(A + B + C )(A + # + ^ ^ 

After simplification of the above expression, we get Y(A, B,C) = B 

The above expression can be directly obtained from the K-map bv usi.uA 
following procedure. J ‘ *“ r 

1. Identify adjacent Os. See the values of the variables associated with dies 
cells. The variables those are 0 or 1 will get eliminated. 

2. If the groups are more than one, then the term corresponding to each grot 
of adjacent Os ts determined, and the simplified equation in product of sue 
form is obtamed by ANDing the terms of the groups. In the term, the van* 
is complemented if it is 1 and uncomplemented if it is 0. 

Consider the following example. 
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Fig. 3.51 Four-variable K-i 
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K-map with group of 0s 


s eliminated, C is 0, and D is 0. The term of group 1 is C+D. For group 2, variable 
^4 is 1 0 r 0 and it is eliminated, variable B is 0 or 1 and it is eliminated, C is 1, and 
P j s i The term of group 2 is C+D . The simplified equation is the product of 
these two groups, i.e. 

Y(A,B, C,D) = (C + D).(C + D) 

Consider the example of a group of eight cells of 0s: 



Fig. 3.52 Four-variable K-map with a group of eight cells of Os 

For the group, variable A is 0 or 1 and it is eliminated, variable B is 0 or l and 
it is eliminated, C is 0 or 1 and it is eliminated, and D is 0. The term of the group 
is D. The simplified equation is 

T(A, B, C, D) = D 
Consider the following example. 



Fig. 3.53 Four-variables K-map with group of 0s 

For the group, variable A is 1, variables £, C, and D are either 0 or 1 and hence 
eliminated. The term of the group is A. The simplified equation is 

T(A, £, C, D) = A 

In the above discussion, the groups of 2,4, and 8 adjacent 0s are considered and 
it is found that 

1. A group of two adjacent 0s results in a term with one variable less than the 
total number of variables. 

2. A group of four adjacent 0s results in a term with two variables less than the 
total number of variables. 

3. A group of eight adjacent 0s results in a term with three variables less than 
the total number of variables. 

The same logic can be extended for groups of 6,32, and 64 adjacent 0s. 
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Soluti° n 


, c n = nW(U3,5,7) 
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Fig. 3.54(b) Y(A,B,Q- "M(0, 1, 4, 5) 


The simplified Boolean expression is Y(A, B,Q B 

(c) The Boolean expression is Y(A. B, C) = nM(0 ’ 2 ’ 6) 

The K-map representation is shown in Fig. - - (o) 
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Fig. 3.54(c) Y(A, B, Q = nM(0, 2, 4, 6) 


The simplified Boolean expression is K(4, B,C)-C 


Example 3.29 Minimize the following expressions using K-map. 

(a) Y(A. B. C) = riAf(0, 1,2,3,4.5, 6, 7) 
lb) Y(A.B. C) = nM(0, 2,4,5) 


Solution 


I* ““ “IW 1 KHI is VM, II, O , nM(0, 1,2, 

ap rep,es<wallon is shown in Fig. 3 . 55 (a). 


Fig. 3 . 55 (a) Y(A, B, Q - nM(0, 1, 2, 3, 4, 5, b, 7) 


The simplified Boolean expression is Y(A, B, O = 0 

(5) The Boolean expression is Y(A, B, C) = nJV/(0, 2,4, 5) 
The K-map representation is shown in Fig. 3.55(b). 
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Fig. 3 . 55 (b) Y(A, B, Q - nM(0, 2, 4, 5) 

The simplified Boolean expression is Y(A, B, C) = (A + C) • ( A + B) 

Example 3.30 Reduce the following function using K-map technique. 
Y(A, B, C, D) = IW(0, 2, 8,9. 12, 13, 15) 


£££«. expression is V(A.B.C.D). nM(0 2,8,9, 12 . .3.15) 
The K-map representation is shown in Fig. 3.56. 
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Fig. 3.56 V(A, B, C, D) = rtM(0, 2, 8, 9, 12 , 13, 15) 


The simplified Boolean expression is 

T(A, B, C, £>) = (A + C)( A +B+ D)(A + B + D) 

Example 3.31 Reduce the following function using K-map technique. 

T(A, B. C, D) = riM(0,1,2,3,8,9,10,11,12,13) 


Solution 

The Boolean expression is 

Y(A, B, C, D) = nM(0, 1 ,2,3,8,9,10,11,12, «) 
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Fig. 3.57 W, B, C, D - nM(0, 1 , 2 , 3, 8, 9, 10 , 11 , 1 2 , 13) 

The simplified Boolean expression is Y(A, B, C, D) = ( A + C)B 
Example 3.32 Simplify the following Boolean expressions: 

(a) Y(A, B, C, D) = IW(1.2,5,6,8,9, 15) 

(b) T(A, B, C. D) = nWft 1.2. 3,5, 6, 7, 12) 

Solution 

(a) The Boolean expression is Y(A, B , C, £>) = UM(\, 2, 5, 6, 8, 9, 15) 
The K-map representation is shown in Fig. 3.58(a). 
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Fig. 3.58(a) Y(A, B, C, D) = UM( 1, 2, 5, 6, 8, 9, 15) 

The simplified Boolean expression is 

Y(A,B,C,D)=(A +B+Q(A +B + C + Z))(A + C + Z))(A + C+ 

(b) The Boolean expression is Y(A, B. C, D) = TIM(0, 1,2, 3, 5, 6, 7, 12) 
The K-map representation is shown in Fig. 3.58(b). 
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% 3.58(b) Y(A, B, C, D) 
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nM <°,1 ( 2, 3, 5, 6, 7, 12) 


(a) T(A. c - o, o, 1U, 11, 15) 

(b) Y(A , B, C, D) = TIM (0, 1, 2, 3, 5, 6, 7, 12, 14) 

Solution 

(a) The Boolean expression is T(A, fl, C, D) = TIM(1,2, 5,6, 8,9, 15) 
The K-map representation is shown in Fig. 3.59(a). 
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Fig. 3.59(a) Y(A, B, C, D) - TIM(1, 2, 5, 6, 8, 9, 10, 11,15) 

The simplified Boolean expression is 

Y(A. B, C, D) = (B + A)(A +C + D)(A+C + D)(A + C + D) 

(b) The Boolean expression is K(A, B, C, D) = ITM(0, 1, 2, 3, 5,6, 7,12, 14) 
The K-map representation is shown in Fig. 3.59(b). 
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Fig. 3.59(b) Y(A, B, C, D) = riM(0, 1, 2, 3, 5, 6, 7, 12, 14 ) 

The simplified Boolean expression is 
Y(A, B, C, D) = {A + B + D)(A + B)(A +D)(A+C) 

Example 3.34 Minimize the following Boolean expressions using K-map: 

(a) Y(A. B,C,D) = (A + B + Q{A +B + D) 

(b) Y(A.B,C,D) = (A+B +D)(A +B +D) 









































































Step * Re P resen ‘' ' of p 0SS ible adjacent Os as 8,4, 2, and 1. 

Step 4: Fornl ^ g oolean term for each group. 

Z6: Write the simplified expression in product of sums form. 

„ . r d) -(A + B + Q(A +b + d) 

(a) fn,ir variable Boolean expression in product of sums f 0rm . j 
1S 3 sk>n. variable D is missing in the first term, C is missing in the s J h ' 
eXprCS d the expression is not in standard form. ORing the first term with d 

obtained. 

Y( A.B,C,D)=(A + B + C + DD)(A+B + D + CC) 

= (y \ + B + C + D)(A + B+C+ D) 

( A+B + D + C)(A+B + D+ C) 

This can be written as Y(A, B , C, D) = ITM(0, 1,8, 10) 
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Fig. 3.60(a) Y(A, B, C, D) - nM(0, 1, 8, 10) 

The simplified Boolean expression is Y(A, B,C,D) = (A + B + Q(A +B+D) 


(b) Y(A, B, C, D) = (A + B + D )(A +B+D) 

It is a four-variable Boolean expression in product of sums form. In the above 
expression, variable Cis missing in the first term as well as the second term 
an t e expression is not in standard form. ORing the first and the second 

CC, the standard product of sums form can be obtained. 


This can be written as Y(A, B, C, D) = TIAf(5, 7,13,15) 
The K-map representation is shown in Fig. 3.61. 
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Fig. 3.61 VIA, 6, C, D) = nM(5, 7 , 13 , 15 ) 

The simplified Boolean expression is K(A, B, C, D) = (6 + D)(A +B + C) 

Example 3.35 Minimize the following expressions using K-maps. 

(a) Y(A, B. C, D) = riM(l, 2, 3, 5, 6,7,9,10,11,13,14,15) 

(b) Y(A, B. C, D) = ITM(1,4, 6, 9,10,11, 14, 15) 

(c) Y(A, B, C, D) = riM(2, 7, 8,9,10,12) 

Solution 

(a) Given Boolean expression is 

T(A, B, C, D) = I1M(1,2, 3, 5, 6,7, 9,10, 11, 13, 14, 15) 

The K-map representation is shown in Fig. 3.62(a). 



Fig. 3.62(a) Y(A, B, C, D) = TIM(1, 2, 3, 5, 6, 7, 9,10,11,13, 14, 15) 

The simplified Boolean expression is Y(A. B,C,D)= D C 
(b) Given Boolean expression is 

Y{A, B , C, D) = nM(l, 4,6,9, 10, 11, 14,15) 

The K-map representation is shown in Fig. 3.62(b). 
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TK^mpliffelBoolean^pr^sionis K=<>1 S W „ 


, c) given Boolean expreeaion is IM. * C» - ™«. ’•‘•♦.MUj, 
£,e K-map mpiesemaiion is shown in F,g. 3 62 (c). 
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Fig. 3.62 (c) Y(A, B, C, D) - ITM(2, 7, 8, 9, 10, 12) 

Simplified Boolean expression is 
Y=(A + B + Q(A +C + D)(B + C + D)(A + B + C + D) 

Example 3.36 Write down the simplified Boolean expression in (a) sum of 
products form and (b) products of sums form for: 

(i) Y(A, B, C, D) = lm( 1,4, 6,9, 10, 11, 14, 15) 

(ii) Y(A,B,C,D)=UM(0. 1,3, 5, 6, 7, 9, 10, 11, 12, 13, 15) 

Solution 

(i) Given Boolean expression is 

T=I/n(l,4,6,9,10, II, 14,15) 

The K-map representation is shown in Fig. 3.63(a). The cells that do not 


contain I are assumed to be 0. 


Fig-3.63(a) Y(A,B,C,D) 
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Fig. 3.63(b) Y{A, B, C, D) - Im(1, 4 ; 6, 9, 10, 11, 14, 15) 


The simplified Boolean expression is 

Y(A,B, C, D) - AC + ABD +BCD 

( 5 ) To write the simplified expression in product of sums form, we have to form 
groups of Os as shown in Fig. 3.63(c). 

The simplified Boolean expression is 

Y(A, B, C,D) = (A +B+ C )(B + C + D)( A + B + C)(A + B + D ) 
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Fig. 3.63(c) V(A, B, C, D) - Im(1, 4, 6, 9, 10, 11, 14, 15) 

(ii) Given Boolean expression is 

K(A, B , C, D) = riM(0, 1, 3, 5, 6, 7, 9, 10, 11,12, 13, 15) 

The K-map representation for the given function is shown in Fig. 3.64 (a). 
The cells that do not contain 0 are assumed to be 1. 



y= D(A + B + Q{A + B + C) 
(A + B + Q04 + B + C) 


Fig. 3.64(a) Y(A, B, C, D) = fIM(0,1, 3, 5, 6, 7, 9,10,11,12,13,15) 
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Fig. 3.64(b) Y(A, B, C, D) - £M(0, 3, 5, 6, 7, 9, 10, 11, i 2/ 13, i 5) 

The simplified Boolean expression is 


Y{A.B,C.D) = AB C D +ABCD + A BCD + A Be g 


(b) To write the simplified expression in product of sums form, we have t 
groups of Os as shown in Fig. 3.64(c). 
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Fig. 3.64(c) 


The simplified Boolean expression is 

Y(A,B, C,D) = (A + B + C)( A + B + C )(A + B + C )(A + B + QD 


310 D ON'T-CARE CONDITION 


K-man coitp 0IL3 h fUnCt ' 0n de ^ lned ' n terms of minterms, 1 s are entered in 
defined in terrm" r^. l ° m ^ Ut conc *' t ' ons; and when the Boolean functio: 

assumedtocontai 0 noTndv™-;e 0 r™ Iered ' ^ Cd ' S that d ° " 0t C ° ntain ' 

certain input conditions never occu^T V ^ S °™ ^ 

appears. In such ea«pc ,k Ur ’ " ere,ore >he corresponding output ne 

LOW. These output levels ZT^ 1 " ^ defined , it can be either HIGH 
condition. re lnc ^ cate d by ‘x’ [cross] and called as don’t-c 

leads to a simpler expression Th to 1 or 0 depending upon which c 
following wa y s: sswn. The Boolean function can be spedfitti in one of 1 

ln lerms of minienn, and don’r 
T(4, b, C D) - y , n are cond 'tions: 

’ L ’0)-Zm(O, i )2 4 o lm 

,4,8 ’ *°) + d(5,7) 


Example 3.37 Simplify the following Boolean expressions 

(a) y=Im( 1,3,7, 11, 15) + d(0, 2,5) 

(b) K=nM(4,5,6,7,8, 12) • d(\. 2, 3, 9, 11, 14) 

Solution 

(a) Given Boolean function is 

Y(A, B, C, D) = £m(l, 3, 7, 11, 15) + rf(0, 2, 5) 

The function is defined in terms of minterms and don’t-care conditions. 
K-map representation of the given function is shown in the Fig. 3.65(a). 
The simplified Boolean expression is 

Y(A, By C, D) = CD + A B 



(b) Given Boolean function is 

Y(Ay By Cy D) = ITM(4, 5, 6, 7, 8, 12) • d{ 1, 2, 3, 9, 11, 14) 

The function is defined in terms of maxterms and don’t-care conditions. 
K-map representation of the given function 
is shown in Fig. 3.65(b). 

The simplified Boolean expression is 

Y(AyBy CyD) = {A + B)(A + C + D) 

From the above problem, it is clear that x 
mark in a cell may be assumed to be 1 or 0 
if it is necessary to form a larger group of 
adjacent ones or zeros, otherwise it is 
neglected. 



Example 3.38 Minimize the following Boolean functions: 

(a) Y(Ay By Cy D) = Im( 1, 3, 5, 8,9, 11,15) + d( 2,13) 

(b) Y(Ay By Cy D) = UM(\y 2, 3, 8, 9, 10, 11, 14) • d(7,15) 


Solution 

(a) Given Boolean function is 

Y(A, B, C,D) = I/n(l,3,5,8,9,11, 15) + d(2,13) 
















































T(A, E, C, D) = BD + CD + ABC +AD 
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Fig. 3.66(a) 


(b) Given Boolean function is 

Y{A , E, C, D) = IW(1, 2, 3, 8, 9, 10, 11, 14) - d( 7, 15) 

The function is defined in terms of maxterms and don’t-care condition 
K-map representation of the given function is shown in Fig. 3.66(b) 
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Fig. 3.66(b) 

The simplified Boolean expression is 
Y(A.B,C,D) = (A+B)(A + C)(£+ C )(B + D) 
Example 3.39 Simplify the following functions: 

(a) Y(A, B. C, D) = lm(0,1, 3, 7) + d(2,5) 

(b) Y(A. B , C, D) = Zm(l, 3, 7, 11, 15) + d( 0, 2, 4) 
Solution 

(a) The Boolean function is 

Y(A ' B ' C > = &»(0,1,3,7) + d( 2 ,5) CV_00 

The function is defined in terms of 

"«r:?rr di, r K -^ 

shown in Fig. 3.67(a) 8 ' Ven funct,on ,s 


01 


11 10 


Fig. 3.67(a) 

The simplified Boolean Pvn 

an expression is Y(A, B,C,D)= A +C 


d( o, 2, 4) 

Xhe function is defined in terms of 
minterms and don’t-care conditions. 
K-map representation of the given function 
is shown in Fig. 3.67(b). 

The simplified Boolean function is 
Y(A,B, C,D)= A B+CD 
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Fig. 3.67(b) 


3 11 FI VE- AND SIX-VARIABLES K-MAP 

The K-map representation and minimization for 2, 3, and 4 variable functions is 
discussed in previous sections. K-map can also be used to simplify the Boolean 
expressions of five and six variables 

A five-variable K-map requires 2 5 = 32 cells and a six-variable K-map requires 
2 6 = 64 cells. A five-variable K-map is shown in Fig. 3.68. 
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Fig. 3.68 Five-variables K-map 


It consists of two four-variable K-maps, the variables are £, C, D and E. For the 
first map, A= 0, and for the second map, A =1 . 

A six-variable K-map is shown in Fig. 3.69. 

It consists of four four-variable K-maps, the variables are C, D, E, and E. For 
the first map, A = 0 and B = 0; for the second map, A = 1 and B = 0; for the third 
map, A = 0 and B = 1; and for the fourth map, A = 1 and B = 1. 

In five- and six-variable K-maps, it is very difficult to identify adjacent cells to 
form the groups. To form the groups of adjacent cells, remember the following 
points: 

1. Two cells are said to be adjacent if they differ by one variable. 

2. Four cells are said to be adjacent if they differ by two variables. 

3. Eight cells are said to be adjacent if they differ by three variables. 

4. Sixteen cells are said to be adjacent if they differ by tour variables. 

The same logic can be extended for groups of 32 and 64 cells. 


































































Example 3.40 Minimize the following Boolean functions using K-maps- ^ 

(a) Y(A,B,C,D.E) = Im(0, 1,2,3, 16, 17, 18, 19) 

(b) Y(A, B , C, D, E) = Zm(4, 5,6,7, 20, 21, 22, 23) 

Solution 

(a) Given Boolean function is 

F(A, B , C, D, £) = Xm(0, 1, 2, 3, 16, 17, 18, 19) 

It is a five-variable Boolean function. Its K-map representation is shown in 
Fig. 3.68(a). 
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Fig. 3 . 68 (b) Y(A, 6, C, D, E) - rim(4 ; 5, 6, 7, 20, 21,22, 23) 

The simplified Boolean expression is Y(A, B,C,D,E)=BC 

je 3 41 Minimize the following Boolean functions using K-maps: 
EX ™ b C, D, E) = Sm(0, 1, 5, 6, 9,13, 14, 17, 21,22,25, 29) 

[b) Ta, B. C,D,E) = rw(3,4,7,11, 15,19, 21,23,27,28, 29, 31) 

Solution 

n) Given Boolean function is 

Y(A B C, D, E) = £m(0, 1, 5, 6,9,13,14,17,21,22, 25,29) 

It is a five-variable Boolean function. Us K-map representation is shown in 

Fig. 3.69(a). 
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Fig. 3.69(a) Y(A, B, C, D, £) -&KD, 1, 5, 6,9,13,14,17, 21,22, 25, 29) 

The simplified Boolean expression is 

Y(A, B. C,D,E)= D E+ A CDE + ABCD + ABCDE 

(b) Given Boolean function is ^ 

Y(A BCD E) = nM(3 4,7,11,15,19,21,23,27,28, 

It is a five-variable Boolean function. Us K-map representation is shown in 

Fig. 3.69(b). 
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Fig. 3.69(b) Y(A, B, C,D,E) - nM(3,4, 7,11,15,19, 21,23,27,28 ,29 
The simplified Boolean expression is 

Y(A, B,C.D,E)=(D +EXA +C + EXA +B + C + DXA+B+ c +0+£) 
Example 3.42 Minimize the following Boolean function: 

Y(A.B.C,D,E.F) = Im( 0.1,2,3,5,7,13,15,21,23,29,31,37 39 

47.53.55.61.63) ’ 

Solution 

Given Boolean function is 

T(A, C, D, E, F) = lm(0,1,2,3,5,7,13,15,21,23,29,31,37,39 45 

47.53.55.61.63) 

It is a six-variable Boolean function. Its K-map representation is shown in 
Fig. 3.70. 
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Fig. 3.70 Y(A, B, Q D, £) , 
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The si mplified Bool ean expression i 


,sl 'M.8,C,D,E.F )=DF+ J SC 5 


1on2 aa - 

aS ■ it becomes difficult to form the group and simplify the Boolean expression. 
thanSlX \V V Quine and E.T. McCluskey developed an exact method to simplify 

H ence ■ n expression. This method is known as Quine-McCluskey method. It is 
T B known as the tabular method. 

als0 plification of Boolean expressions using K-map, we observed that the 
* n S t minterms could be reduced. These minterms are reduced because they 
adjacen ^ Qne variab i e (literal). For example, ABC and AB C can be reduced 
Clifter ?only C variable differs. The binary equivalents of these minterms are 111 
beeausc the binary equivalents, it is clear that the minterms, whose binary 

an ‘* ’ djff er only in one place, can be combined to reduce the minterms. This 
eq ,he V ba e sic principle of Quine-McCluskey method. 

I this method, the given function of minterms is written in terms of its binary 

II lents. -These minterms are grouped according to the number of 1 s contained 
e a rnarated by a horizontal line between each number of Is category. Once the 
Un S ltion is over, each binary number is compared with every term in the next 
? P Lr category and if they differ by only one position, a check mark is placed 
n S iHe each of the two terms and then the term is copied in the second column with 

*!' k ..-in the position that they differed. For example, if the terms are 0001 and 
mOO then the resultant term will be 000_. This term 000_ is called an implicant. 
i imnlies that ABC could be a term i n the final expression covering the minterms 

ARCI) and ABC D This process of comparison is repeated for every minterm. 

Once this process is completed, the same process is applied to the Resultant 
terms and so on. The remaining terms and the terms which do not match during the 

Pf Ttesteps^ldto simplifythe Boolean function using Quine-McCluskey method 
1 List all the given minterms in their binary equivalent. 

2. Arrange the minterms according to the number of Is. 

3 Compare each binary number with every term in the adjacent next higher 
category. If they differ by one position, put a check mark and write in the 

next column. 

4. Repeat Step 3 for the resultant column and continue these cycles unti no 
further elimination of variables takes place. 

5. List the primary implicants. 

6. Select the minimum number of primes that must cover all the minterms. 
Let us discuss the steps with an example. Consider 

y=lm(0, 2, 3, 6, 7, 8, 10,12, 13) 

1. The given minterms in the binary equivalent are 

0 = 0000 2 = 0010 3 = 0011 6 = 0110 


are: 
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2 Arrangement of minterms according to number of 1 s. 


Table 3.12 Arrangement of minterms 


Minterms 

Binary representation 

mn 

0000 

m 2 

0 0 1 0 

m s 

1000 


0 0 11 

m 6 

0 110 

mio 

10 10 

m l2 

1 100 

m 7 

0 111 

m i3 

110 1 


3. Compare each binary number with every term in the adjacent next higher I 
category and if they differ by one position, put a check mark. 

When the minterms m 0 and m 2 are compared; they differ in second positior, i 
and hence put a check mark (J at the second position and the group (0,2)u [: 
represented by 00_0. 

When the minterms m 0 and m 8 are compared, they differ in fourth position j 
and hence put a check mark (J at the fourth position and the group (0,8)is ;j 
represented by _000. 

When the minterms m 2 and m 3 are compared, they differ in first position j; 
and hence put a check mark (_) at the first position and the group (2,3)is 
represented by 001_. 

Similarly compare the groups (2, 6) and (2, 10). 

When the minterms m 2 and m n are compared, they differ in two positions, 
and hence the group (2, 12) cannot be formed, and so on. The binan 
representation of a group is given in Table 3.13. Refer columns 1 and 2. 

4. When the groups of minterms (0,2) and (2,3) are compared, they diffrt 
two positions, and hence the group (0, 2, 3) cannot be formed. Similar) 
(0, 2, 6) and (0, 2, 0). 

When the groups of minterms (0, 2) and (8, 10) are compared, they 
by fourth position, and hence put a check mark (J at the fourth P oS1 ^°°. 
Group (0, 2, 8, 10) is represented by _0 _0. Similarly group (2,3,6, 
represented by 0_1 0 as given in Table 2.13. Refer columns 3 and 4. 
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0 0 0 ✓ 
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0_1 0 ✓ 


_0_0 1 

2, 10 

_0 1 0 ✓ 

0, 2, 8, 10 

1 

8, 10 

1 0_0 ✓ 

2, 3, 6, 7 

0_1_ 1 

8, 12 

1 0 0 


1 

3,7 

0 1 1 ✓ 


1 

6,7 

0 1 1_ ✓ 


1 

12, 13 

1 1 o 


J - ' 


- Lisl t he prime implicants. The groups of minterms in the above table without 

check marks are known as prime implicants and it is given in Table 3.14 
with binary representation. 


6. 


Table 3.14 Prime implicant with binary representation 


Prime implicants T 

Binary representation 

8, 12 

1_0 0 | 

12, 13 

1 1 0_ 

0, 2, 8, 10 

0 0 

2, 3, 6,7 

0-1- 1 


Select the minimum number of primes that must cover all the minterms. 
The prime implicants selection chart is shown in Table 3.15. 


Table 3.15 Prime implicants selection chart 


Prime implicants 

m 0 

'«2 


m 6 

m 7 1 

1 

m /o| 

wh! 1 

fn l3 \ 

8, 12 
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It is clear irom tne seiccuuu umn .. 

implicants (2, 3,6.7) and (0,2, 8,10) and (12,13). 

It is not necessary to select the prime implicants (8,12) because 8 ts presen 
in (0,2,8,10), and 12 is present in (12,13) and hence 

Y(A, B, C, D) = (110J + (_0 _0) + (0 _1 _) 


Example 3.43 Simplify the following four-variable Boolean functions usin B 
Quine-McCluskey method. 

y(A, B, C, D) = Irn(2,4, 5,9, 12 ,13) 



















































Table 3.16(b) Binary equivalents of groups of minterms with check marts 


Minterms 

Binary representation 

with check mark 

Minterms 

Binary representing 
with check mark 

4,5 

0 1 0^ 

4, 5, 12, 13 

i o 

4, 12 

J 0 0 / 



5, 13 

1 0 1 ✓ 



9, 13 

1-0 1 



12, 13 

1 10^ 




Step 5: The list of prime implicants is shown in Table 3.16 (c). 


Table 3.16(c) 

List of prime implicants 

Prime implicants 

Binary representation 

2 

00 10 

9, 13 

1_0 1 

4, 5, 12, 13 

_i o _ 


Step 6: Select the minimum number of primes that must cover all the minten® ; 
The prime implicants selection chart is shown in Table 3.16(d)- 


9,13_ 
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— rn^T 13 


• 
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• 
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Y(A, B, C, D) = (1_01) + (_10_) 

Example 3.44 Simplify the following Boolean expression using Quine- 
McCluskey method. 


Y(A,B,C,D)= ABC D +A B C D + A BCD + ABCD + ABC D 

Solution 

Given Boolean expression is 

Y(A,B,C,D)=ABCD+ABCD+ A BCD + ABCD + ABC D 
(0100) (1000) (0001) (1101) (1100) 

In minterms, the function can be written as, 

Y(A , B , C, D) = Xm( 1, 4, 8, 12, 13) 

Step 1: The given minterms and their binary equivalents are shown in Table 
3.17(a). (Refer columns 1 and 2 of Table 3.17(a)). 

Step 2: Arrangement of minterms according to number of Is is shown in Table 
3.17(a). (Refer columns 3 and 4 of Table 3.17(a)). 


Table 3.17(a) Minterms in the binary equivalent and groups of minterms 


Minterms 

Binary representation 

Minterms 

Binary representation 

m\ 

000 1 

m\ 

000 1 

m4 

0 100 

m 4 

0 1 00 ✓ 

m 8 

1000 

mg 

1 000 ^ 

m 12 

1100 

m\i 

1100^ 

'«13 

110 1 

mu 

1 1 0 1 ^ 


Step 3: Compare each binary number with every term in the adjacent next higher 
category and if they differ by one position, put a check mark. (Refer 
columns 1 and 2 of Table 3.17(b)). 


Step 4: Apply the same procedure for the result and repeat until no further 
elimination takes place. (Refer columns 1 and 2 of Table 3.17(b)). 

Table 3.17(b) Binary equivalents of groups of minterms with check marks 


Minterms 

Binary representation 

Minterms 

Binary representation 

4, 12 

1 0 0 

NIL 1 

NIL 

8, 12 

1_0 0 



12, 13 

1 1 o 
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4, 12 
8 , 12 
12, 13 


yj l 


_100 
LOO 
1 1 0 


C a- Select the minimum number of primes that must cover all th* 
The prime implicant selection chart is shown in Table 3 . 17 ^' 


>fcr. 


Table 3.17(d) Prime implicant selection chart 


Prime implicants 

mi 

m 4 

m s 

m I2 


r 

• 





4, 12 


• 


• 


8, 12 



• 

• 


12, 13 




• 

• 


y(A, B. C, D) = (0001) + (_100) + (1_00) + (110_) 


= A BCD + BC D +AC D +ABC 


Example 3.45 Simplify the following function using Quine-McClmke, 
method. 

Y(A, C, D) = fIM(l, 4, 6, 9, 10, 11, 14, 15) 


Solution 

Given Boolean expression is 

K(4,B,C,D) = nM(l,4,6,9, 10, 11, 14, 15) 

This expression is in maxterms. It can be written in minterms as 
C, D) = Xm(0,2, 3,5, 7, 8, 12, 13) 


Step 1: The list of given minterms and their binary equivalents are shown in 
Fig. 3.18(a). (Refer columns 1 and 2 of Table 3.18(a)). 

Step 2. The arrangement of minterms according to number of Is is shown in 
Fig. 3.18(a). (Refer columns 3 and 4 of Table 3.18(a)). 


Table 3.18(a) Minterms in the binary equivalent 


Minterms 




m 0 

0000 

m 2 

0010 

m 3 

00 1 1 

m 5 

0101 

m 7 

0111 

m s 

1000 

m l2 

1 100 

m13 

1101 


"*o 

m 2 
m 8 

m 3 

m 5 

^12 


and groups of minterms 

Binary representation 

_ 0000 ^ 

00 1 0'S 

_ 1 000 ^_ 

0 0 11^ 

0 10 1 ^ 
110 0 ^_, 

' oin 7 " 


^ mat iv. uvcier 


Step 4: 


columns 1 and 2 of Table 3.18(b)). 

Apply the same procedure for the result and repeat until no further 
elimination takes place. (Refer columns 1 and 2 of Table 3.18(b)) 


Table 3.18(b) Binary equivalents of groups of minterms with check marks 


P Vtinterms 

Binary representation 

Minterms | 

Binary representation 

0,2 

0 0 0 



0, 8 

0 0 0 



' 

0 0 1_ 



8, 12 

1_0 0 



—37T" 

0 1 1 

NIL 

NIL 

5,7 

o 1_1 



5, 13 

_1 0 1 



12, 13 

1 i 0_ 




Step 5: The list of prime implicants is shown in Table 3.18(c). 


Table 3.18(c) List of prime implicants 


Prime implicants 

Binary representation 

0, 2 

0 0_0 

0, 8 

_0 0 0 

2,3 

0 0 1_ 

8, 12 

1_0 0 

3,7 

0_1 1 

5,7 

o 1_1 

5, 13 

_1 0 1 

12, 13 

1 10_ 


Step 6: Select the minimum number of primes that must cover all the minterms. 
The prime implicant selection chart is shown in Table 3.18(d). 


Table 3.18(d) Prime implicant selection chart 



Y(A, B , C, D) = (110_) + (_101) + (01_1) + L000) + (00_0) 
= ABC +BC D+ A CD+B C D +ABD 
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i> *>»»i" Ttb " 3,9< ‘ > ' (R ' r " - 

3.19(a)) 
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s| 



11_ — - — J 

Step 3: Compare each binary number with every term in the adjacent nexthigbj 

category. If they differ by one position, put a check mark. (Refer coin® 
land 2 of Table 3.19(b)). 

Step 4: Apply the same procedure for the result and repeat until no funk 
elimination takes place. (Refer columns 1 and 2 of Table 2.37(b)) 


Table 3.19(b) Binary equivalents of groups of minterms with check marks 


Minterms 

Binary representation 

Minterms 

Binary representation 

1,3 

0 0_1 



1,5 

0_0 1 



1,9 

_0 0 1 



2,3 

001. 

1,3, 9, dll 

.0,1 

4,5 

01 0_ 



4, 12 

_100 



d8, 9 

100_ 



— d8, 12 

1 00 



3, dll 

_0 1 1 



9.dll 

10_1 



-12. 14 

u 0 



dll, 15 

1_11 



14, 15 

— JIL_ 




Table 3.19(c) List of prime implicants 


Prime implicants 

Binary representation 

1, 5 

0_0 1 

2, 3 

0 0 1_ 

d4,5 

0 1 0. 

d 4, 12 

_1 0 0 

d 8, 9 

1 0 0_ 

d 8, 12 

1_0 0 

12, 14 

1 i_o 

dll , 15 

l_l 1 

14, 15 

1 1 1_ 

1, 3, 9, dll 

0 1 




Step 6: Select the minimum number of primes that must cover all the minterms. 
The prime implicant selection chart is shown in Table 3.19 (d). 


Table 3.19(d) Prime implicant selection chart 


Prime implicants 

m t 


tn 3 

"*5 

m 9 

m n 

mN 

nij s 

d m4 

d mfi ( 

d mil 

W ~T, 5 * 

• 



• 








2,3 ^ 


• 

• 









d4, 5 




• 





• 



d4, 12 






• 



• 



d8, 9 





• 





• 


d8, 12 






• 




• 


12, 14 ✓ 






• 

• 





dll, 15 








• 



• 

14, 15 ✓ 







• 

• 




1,3, 9, dll ✓ 

• 


• 


• 






• 


Y(A, B , C, D) = (_0_1) + (111J + (11 _0) + (0_01) + (001J 

= B D + ABC + AB D +ACD+ABC 
It is important to note that it is not compulsory to include don’t-care terms in 
the final expression. 

Example 3.47 Simplify the following four-variable Boolean function using 
Quine-McCluskey method. 

y(A, B , C, D) = Lm(l, 3, 5, 10, 11, 12, 13, 14, 15) 

Solution 

Given Boolean function is 

Y(A,B, C, D) = Lm(l, 3, 5, 10, 11, 12, 13, 14, 15) 
































































15=1H1 

. , nof>men t of the minterms according to number of l s 

columns3 ami4of Table 3.20(a)). S ' !sb » 


110 


'Wti 


«iTi 




Table 

na/ ■ .. 

T Rinar^representation 

Minterms 

Kinary rep^; 

yiiriitf #'* j 

mi 

_ 000 1 

mi 

_oo^T"-- 

"M 

00 1 1 

m 3 

ooTr^ 

m 5 

0 10 1 

m 5 

o 1 o 1 

"ho 

1010 

"Mo 

1010 

mn 

10 11 

m i2 

1100 

mn 

1 100 


~ToTT^ 

"h3 

110 1 

"M3 

1101 

m \4 

1110 

m, 4 

1110 

mis 

1111 

"Ms 

~nrr~ 


Step 3: Compare each binary number with every term in the adjacent next high; 
category; and if they differ by one position, put a check mark. (Refer T& 
3.20(b)). 

Step 4: Apply the same procedure for the result and repeat until no funk 
elimination takes place. (Refer Tables 3.20(c) and 3.20(d)). 


Table 3.20(b) Binary equivalents of groups of minterms with check marks 


Minterms 

Binary representation 
with check mark 

1,3 

0 0_1 

1,5 

0 0 1 

3, 11 

_0 1 1 

5, 13 

_1 0 1 

10, 11 

1 0 1_ ✓ 

10, 14 

1_1 0 ✓ 

12, 13 

1 1 0_ ✓ 

12, 14 

110^ 

11, 15 

1_11 ✓ 

13, 15 

1 1_1 ✓ 

14, 15 



11 1 v' 


Minterms 

Binary 

representation 

"ho, "hi, w I4 , m 15 

1 1 

"h2» "*i4. "h3, m, 5 

1 1_ 

m 12, "h3, mi 4 , m 15 

1 l_ 

"ho, "h 4 , m ,|, m i5 

1_1 


The list of third reduction table is shown in Table 3.20(d). 

Table 3.20(d) Binary equivalents of groups of minterms with check marks 


Minterms 

Binary 

representation 


"ho» "hh "h4, "hs 

1 1 


m\ o, m 14 , m\\ y m [5 


These are the essential 

m \ 2 , "*14, m 13* m \s 
m, 2 , m 13 , "i 14 , m 15 

1 1 __ 

prime implicants j 


Step 5: The list of prime implicants is shown in Table 3.20(e). 


Table 3.20(e) List of prime implicants 


Prime implicants 

Binary 

representation 

1, 3 

00_1 

1, 5 

0_01 

3, 11 

_011 

5, 13 

_101 


Step 6: Select the minimum number of primes that must cover all the minterms. 
The prime implicant selection chart is shown in Table 3.20(f). 


Table 3.20(f) Prime implicant selection chart 


Prime implicants 

"M 

"M 

m 5 

"Mo 

m n 

m I2 

m u 

m l4 

"Ms 

1, 3 

• 

• 








1,5 

• 


• 







3, 11 


• 



• 





5, 13 



• 




• 



10, 11. 14, 15 




• 

• 



• 

• 

12, 13, 14, 15 






• 

• 

• 

• 





V 


V 

S 

/ 



It is clear from the selection chart that it is sufficient to select the prime implicants 
(1,3) and (1,5) along with (10, 11, 14, 15) and (12, 13, 14, 15). 

It is not necessary to select the prime implicants (3,11) and (5,13) because 3 is 
present in (1, 3) and 5 is present in (1,5). Hence, 

Y(A, C, D) = (00_1) + (0_01) + (l_l_) + (11_ J 

= A £D + A C D + AC + AB 

































































A + B + C + ... + N = A* B .C ... jV 

• DeMorgan's second theorem states that the complex 
signals is equal to the sum of its complements, i. e Cm of a p rQ(J 

= A +B + C +... + N 

• If each term in the sum of products contains all the v- 
expression is known as the standard sum of products^ 165 (lit er a i 
products. Each individual term in a standard sum of ° r the c an 0 ,,- \ 
ininterm. 

• If each term in the product of sums contains all the v a • h da ‘- 

is known as the standard product of sums or the canon?- / eS ’ lhen the 
individual term in a standard product of sums is called' Pr ° ducl of ^ 

• Different methods are used to simplify Boolean express^ ^ ^ 

1. Algebraic simplification ° ns ’ ^ese are . 

2. Karnaugh map method 

3. Quine-McCluskey method 


EXERCISES 


Review Questions 

1. State and prove the Boolean theorems. 

2. Write the basic laws of Boolean algebra. 

3. Explain the importance of Boolean algebra in digital system 

4. For the function given below 

/= ABC + BC D + ABC 
0) Express/in standard SOP form. 

<H) Simplify using K-map. 

(iii) Realize / using NAND gates only. 

’ mSm7za!LV° ,,0W,nS CqUation usin S Quine-McCluskey metho, 

AA, B, C, D) = Im( 0 , 1 , 3 , 4, 5, 7, 10, 13, 14, 15) 

only: ** fo,lov ' ln S expression using K-map and realize using NOR s 

7 D f(P ' Q R ' S> = nMU ' 4 ’ 6 ’ 9 ’ W ’ 1 *• 14 ’ ,5) 

gates. n Plement a 4-bit BCD to Excess-3 code converter using suit! 

Slmp,lfy the equation: 

0b ‘-n the minima!^oP expr ^ + “ (3 ’ ,0 ’ 1 U ' 4 ‘ ,5) 

9 - What is meant b pression and implement it in NAND logic, 

standard SOP form; MJndard S ° P form? Convert the following function 
A A -B.C,D)= - 


cu 




v ' •' ’ ^ “ vo, y, 11 ) 

(ii) m = nA/(l, 3, 8, 10, 12, 13, 14 l 5) 

,, swiav '<+— h** 

(i) /(A, B % C, D) - Zm(0, 2, 8, 10) + d( 4, 7,6, 11, 15) 

(ii) ftA, B, C, D) = C D + BC D + BC D + AB CD 

l2 . Design a 4-bit gray-to-binary converter using truth table, K-map, and logic 
c ircu its* 

, 3 . Obtain the simplified expressions in product of sums form using K-maos 

(i) F(w, x, y, z ) = nA/(l, 3, 5, 7, 13, 15) 

(ii) F(x, y, z) = xz + yz + yz + xyz 

Multiple Choice Questions 

Select the correct alternative. 

1. The Boolean equation of AND operation is. 

(a) Y= A 

(b) Y = AB 

(c) Y = A + B 

2. In a half adder having two inputs A and B and two outputs (S and C are the sum 

and carry output bits respectively), the Boolean expression for S and C in terms 
of A and B is. 


(a) S= AB + AB ,C = AB 
(c) S = AB + AB, C = A + B 


(b) S = AB+AB,C = A + B 

(c) S=A+AB,C=A+B 

3. For a binary half-subtractor having two inputs A and B. the correct set of logic 

expressions for the outputs D(= A minus B) and X(= borrow) are. 

(a) D = AB + A B,X = AB (b) D=AB+AB,X=AB 

(c) D = A B + AB, X = A B (d) D = AB + AB , X = AB 

4. The logical expression Y = A + AB is equivalent to. 

(a) Y = AB _ (b) y= AB 

(c) Y = A+B (d) y = A + B 

5. The minimum number of NAND gates required to implement A+AB + ABC is 

equal to. 

(a) 0 (b) 1 

(c) 4 (d) 7 

6. The dual of the Boolean theorem A • (B + C) = AB + AC is 

(a) A • (B + C) = AB + AC (b) A • (B + C) = (A + B)(A + C) 

(c) A • BC = (A + B)(A + C) (d) None of these 

7. A carry look ahead adder is frequently used for addition, because it. 

• (a) is faster (b) is more accurate 

(c) uses fewer gates (d) costs less 
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. Design of arithmetic circuit 
. Design of adder and subtractor using MSI circuits 
. Design of BCD adder using 7483 

• Study of ALU 

• Study of parity generator and checker 

• Study of comparator, multiplexer, and demultiplexer 

• Code converter 


4/j INTRODUCTION _ 

Generally, digital circuits are divided into two categories: 

1. Combinational logic circuit, and 

2. Sequential logic circuit. 


In combinational logic circuits, outputs at any instant of time depend upon ft 
inputs present at that instant of time. Combinational logic circuits do not haw 
memory elements (storage device). It can be designed using gates or available ICs, 

demuinntr'’ 0 '' A | U comparators ' pari, y generator and checker, multiplexer 
logic ?2T C ° de C ° nVerterS arC the exam P )es °f combinational 


42 lowaKn * F0Rcombinat| onal 

Jhc requirements of combi™* Ca ''i ? ‘ m P* ement ed using gates or available K 
following ways: naI lo g ic circuits may be specified in < 

(b! V et0fS,atemems ’°r 


i onec 


s or 


sums. 


Hiuuuci 01 


3 S" y ,he B “' Can " P, ' SSi0n “”" S K -“» »' Quine-McCluskey 
4 . Implement the simplified Boolean expression using the logic diagram 
N ow-a-days, most of the combinational logic circuits are available in , h - r 
of integrated circuits (1C). ICs of multiplexer, demultiplexer A LUJS 

aenerator/checker, comparator and code converter are available it „ « P ' y , 

losiroplify Boolean expressions (odesigncombinationaMogiccircuitsusino'lcf 

and the number of external wires and connections are also reduced The relnh litv 
of the system improves by reducing the number of external wires and connections. 

4.2.1 Examples of Combinational Logic Circuits 


Example 4.1 Design and implement a 1 -bit comparator using logic gates. 

Solution 

The comparator compares the magnitude of input numbers and checks whether 
one input number is greater or less than another input number or both the numbers 
are equal. Consider A and B are two 1 -bit numbers. These two are the inputs of the 
comparator and A = B. A > B, and A<B are the outputs of the comparator The 
truth table of 1 -bit comparator is shown in Table 4.1 


Table 4.1 Inputs and outputs of 1-bit comparator 


Inp 

uts 

Outputs 

A 

B 

A <B 

A = B 

A> B 

0 

0 

0 

1 

0 

0 

1 

1 

0 

0 

1 

0 

0 

0 

1 

1 

1 

0 

1 

0 


K-niaps for A < B, A = B, and A > B with inputs A and B are: 



(b)4 = B (cM>B 

Fig. 4.1(a) K-maps for A < B, for A - B, and A > B 


From the K-map, we get Boolean expressions as, 


(a )A<B=AB (b) (A = B)= A B + AB (c )A>B = AB 

= A © B 





























Fig. 4.1(b) Logic diagram of one-bit comparator 


Example 4.2 Design a combinational logic circuit with four input v 
that will produce logic 1 output when the number of Is in the inputs ise^ 


Solution 

Let us consider A, B , C, and D are the four inputs and Y is the output 
table is shown in Table 4.2. 


Th e truth 


Table 4.2 Inputs and outputs of the 



cd\ 

I B 

00 

01 

11 

10 

00 

[Tj 

0 

[ij 

0 

01 

0 

CD 

0 

[Tj 

n 

J 1 J 

i_ 1 i 

0 

III 

0 

10 

0 

1 f 1 

1 1 1 

1_1 

0 

rfi 
i i ■ 

i i 


Fig. 4.2(a) K-map for output Y 


y= A BCD + ABCD + ABCD 
+ A BCD + A BCD + ABCD 
+ ABCD +ABCD 
= CD( AB + AB)+ CD(AB + AB ) 
+ CD(AB+AB) + CD(AB +AB) 
= W © B)( CD + CD) 

+ (C D + CD )(A ® B) 

= W © fi)( C © D) + (4 © B)(C®$ 


Fig. 4.2(b) Logic diagram 


Example 4.3 Design a combinational logic circuit with three input variables 
that will produce logic 1 output when more than one input variables are logic 0. 


Solution 

Consider A, B, and C as input variables and Y as the output variable. Truth table for 
the given problem is shown in Table 4.3. 


Table 4.3 Inputs and outputs of the 
combinational logic circuit 


Inputs 

Output 

A 

B 

c 

Y 

0 

0 

0 

1 

0 

0 

1 

1 

0 

1 

0 

1 

0 

1 

1 

0 

1 

0 

0 

1 

1 

0 

1 

0 

1 

1 

0 

0 

1 

1 

1 

0 


Logic diagram is shown in Fig. 4.3 (b). 
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Y= AB + AC + BC 


Fig. 4.3(a) K-map for output V 



Fig. 4.3(b) Logic diagram 
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4.3.1 Half-Adder 

The logic circuit that performs the addition of two 1-bit numbers i s Call 

adder h has two 1 -bit inputs and two ■ ailed, 

outputs, viz. sum and carry as shown in 
Fig. 4.3. 

The truth table of half-adder is given 
in Table 4.4, where A and B are the 
inputs, and sum and carry are the outputs. 

Table 4.4 Truth table for half-adder 


A o- 
B o- 


Half 

Adder 


Fi §- 4 - 3 Half- adder S 


Inputs 

Outputs 

A 

B 

Sum 

Carry 

0 

0 

0 

0 

0 

1 

1 

0 

1 

0 

1 

0 

1 

1 

0 

1 


0 

i—i 

Ml 

1-1 

Ml 

0 


K-map for Sum 



Here S =AB + A B = (A 
C = AB 


The logic diagram of half-adder using gates is shown in Fig. 4.4. 


(4.1) 

(4.2) 



-- 

F'g. 4.4 Logic diagram of half-adder 

4 -3-2 Full-Adder 

A half-adder has two lb" 

could have been general anc * ^ ere is no provision to add a cai 
adder is overcome in fulUdT 1 ^ orc * er Editions. This limitatic 
lhat bas provision to add a ^ C ^ uP ’ ac *der is a combinational log 
Let »s consider A and n Can ^' 

a P dd Vl °^ 0rder bit addition-5 ^ inputs ‘ C - is a carry generated 

er h e truth table of fuI]- a ddL m) ^ C ° ul ^ Carry ^ are the out P uts of 
r ls given in Table 4.4. 


B 

Cin 

Sum 

Coul 

0 

0 

0 

0 

0 

1 

1 

0 

1 

0 

1 

0 

1 

1 

0 

1 

0 

0 

1 

0 

0 

1 

0 

1 

1 

0 

0 

1 

1 

1 

1 

1 





L—. 

f—1 

0 

[TS 
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K-map for sum S 


v AB 

: T 
0 


01 


10 


0 

0 

fTi 

i i 

0 

0 

it 

ill'ti- 

w 


K-map for C Q , 


S= A B C in + ABC in + ABC m + ABC in 


= C in ( A B + AB) + CJAB + AB) 

= C jn (A © B) + C in (A © B) 

= Cj n (A© B) + C in (A © B) 

= Cj„ © A © B 
C ou t = AB 4- ACj n + BC in 

The logic diagram of full-adder using gates is shown in Fig. 4.5. 



Full-adder using half-adder 

A full-adder can be implemented using two half-adders and an OR gate. The Boolean 
expressions of half-adder are: 


S=A®B) 
and C - AB J 

The Boolean expressions of full-adder are: 
S = C in ® A ® H 1 
and C oul = AB + AQ n + BC in J 
S = C in ® 5 


(4.3) 


Qut - AB a- AC in + BC xn 


(4.4) 



















































































sAB + ^m' r m _ '• ,+ C in=:1) 

= A B+AC m (B+B)+ABC,„ (v * + g 

-AB + ABC m +ABC in + A BC m 
= AB(\+CJ + Q«(AB + A B) ( V l+Cfoajj 

=AB+CJA<BB) 

=AB + C,„S (••• A®b = S) 

The logic diagram of full-adder using half-adder is shown in Fig. 4 . 6 



Fig. 4.6 Logic diagram of full-adder using half-adder 


4.3.3 N-Bit Parallel Adder 

Full-adders have provision to add the carry, which is generated from the lower bit 
addition. In other words, a full-adder adds two 1 -bit numbers with the previous 
carry. Hence it is possible to construct the N-bit adder using a set of full-adders. In 
order to add N -bit binary numbers, N full-adders are required. An TV-bit parallel 
adder can be constructed using N number of full-adders as shown in Fig.4.7. 
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Fig. 4.8 Block diagram of N-bit adder 


Parallel adders suffer from propagation delay problem, as higher bit additions 
depend on the carry generated from lower bit addition. It is observed that parallel 
•idders are not often used in digital systems because of their high propagation delay 
tune, which is proportional to the number of bits to be added. Let us consider a 
4-bit parallel adder as shown in Fig. 4.9. 



c 3 s 3 s 2 s x s Q 

Fig. 4.9 4-bit parallel adder 


Addition of the LSB bits A 0 and B 0 produces the carry C 0 , which is the input 
carry for the next full-adder. This carry when added to the bits of the second position 
(i.e. C 0 + A, + £,) produces a carry into the third position and so on. If t p is the 
propagation delay of full-adder, then the result S Q and C 0 is obtained after a delay 
of t p , 5, and C, after a delay of 2 t p , S 2 and C 2 after a delay of 3 t p , S 3 and C 3 after a 
delay of 4 t p and so on. Hence for an N-bit parallel adder, the total delay time is 
equal to Nt p . 


4.3.4 Carry Look-Ahead Adder 

The parallel adder has a larger propagation delay and hence low speed of operation. 
This limitation is overcome in carry look ahead adder. Consider the circuit of full- 
adder as shown in Fig.4.10. 

S = A0£©C in 
Qut = AZ? + Q n (A 0 B) 
w here A and B are the present inputs, C in 
IS the previous carry, S is the sum at 
output, C out is the present carry at output 
0r nex t input carry. 


A - 
B- 

c in - 


F. A. 


~° Sum 
-o Carry 


Fig. 4.10 Full-adder 



































































































These equauun 
can be written as 

S i =P,®C >-1 
Q = G, + Pr C ^ 

where P, is carry propagate function and G, is carry generate funct ion 

From Eqs. (4.5) and (4-7). 
p.sAiQBi 

From Eqs. (4.6) and (4.8), 


N 


Gi = Aj • Bj 

Carry output of first full-adder (i - 0), 
Co = Go + P oCLi 

where Co = anc * = ® 

Carry output of second stage (i = 1), 


Ci =G\ + P\Co 

= G,+ + PoCLj) (Substituting the value of C 0 from Eq. (4 9j) 

= C, + GoP,+W.i (4 |Q 

Carry output of third stage (/ = 2), 

C 2 = G 2 + /> 2 Cj 


= G 2 + P 2 (C| + GoFj + / > 0 / > , C_,) 

(Substituting the value of C, from Eq. (4.10)) 
= G 2 + G l P 2 + G 0 P l P 2 + P, ) P l P 2 C_ t ( 4 , 1 ) 

Carry output of fourth stage (/ = 3 ), 

c 3=G 3 + P 3 C 2 


= C 3 + ^(G, + G ,P 2 + GqP ,/> 2 + 

(Substituting the value of C, from Eq. (4.15 
The e ’ + 0/3 + C,/>2/>3 + Go/>,/> 2^ + P 0 P 1 P 2 P 3 C 1 (4.15 

T| ie expressions in Eqs (491 m 

us| ng AND and OR gates^k font!/' • ° ’. f' ^ «nd (4.12) can be implemente 
^^,4.n. glc wont is known as look-ahead carry generatt 

ahMdcS! 1 ' 0 " delay ‘‘^SgTc I 6 "" Construc t the 4-bit adder and re* 

^ arr 7 generator is shown i n fi g of 4 ‘ b 't parallel adder with look 


Fig. 4.11 Look-ahead 


carry generator 



































































































12 11 9 

Fig. 4.13 Functional diagram for 74182 

The logic expression for the output signal is 

C x -Gq + PoQn 

Cj = G| + Pfia + P t)P\G\n 

C : = G 2 + G ] + GqP i /*2 + /W J :Q, 

G 

P = WW 

From Eqs. (4.9) to (4.17), it is found that 

C„ = Q; C, = C,; C 2 = C,; C 2 =G+PG ln 


f4 -l3) 

(4.14, 

«Jj) 

W.I6) 

W.17) 


Example 4.4 Draw and explain the 4-bit parallel adder using IC 74^2 
Solution 

IC 74182 is a look-ahead cany generator. It generates carry from the carrv een»» 
and carry propagate functions. 3 6 ra ot 

Carry propagate function is defined as 
Pi=A,®Bi 

P ] =A~®J i 

=A i ®B, 

Carry generator function is defined i 

** 

Let us considers and n 

C ^c'' 0 n u 8 t ^ t 18 c ^ shown in Fi'g.^^ numbers - The logic diagram of a 
res pectiv e |y and Cj = ?4 ' 82 are bivalent to carry C„ C 2 ,andC 3 


las 


las 



Example 4.5 Draw and explain the 8-bit parallel adder using IC 74182. 
Solution 

1 C 74 1 82 is a look-ahead carry generator. It generates the carry C x , C v , and C.( C 
C 2 , and C 3 ) from the carry generator and carry propagate functions. It has four 
generators and four propagate inputs and hence, to implement 8-bit parallel adder 
two IC are needed. The carry propagate and carry generate functions are defined as 
P, = A, © Bj, G ; = A, • B, 

But the inputs of IC 74! 82 are active low, hence, 


P,= A,® B, 
= A; © Bj 

Gf = A~7^ 


Let us assume A and B are two 8-bit inputs, 
adder using IC 74182 is shown in Fig. 4.15. 


The logic diagram of an 8-bit parallel 













































Se TTL integrated circu.t. . - — —„ 
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sh 
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InFi” 416, A 0 to A, and B a to B } are th e two 4-bit inputs. C in is carry i npu , 
C M is cany output, and So to S 3 are 4-bit outputs which represent the sum of inpu^ 
Because of carry input and output, it is possible to implement the addition of 
numbers greater than 4-bit using 1C 7483. 

Example 4.6 Implement an 8-bit binary adder using 4-bit adder 7483 or 74283. 


Solution 

IC 7483 or IC74283 is a 4-bit parallel adder. To add two 8-bit numbers, we need 
to use two lCs of 4-bit adder. Figure 4.17 shows the logic diagram of an 8-bit adder 
using 7483. 
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A 3 A 2 A j A 0 


A 3 A 2 A l A o 


IC 7483 

B 3 B 2 S 0 


p. S 3 S 2 S l Sq 

The adder on the right side add f 

number.^-; 

bits of the numbers A 2 ft adder ***** the addl "" ** inpUt nt 
8 *Bh carry addlll °n of four most significant 



av,uuil U1 


subtW^^its in any position, those are: 

t ' v0 0-0 = 0 

0-1 = 1 (with borrow 1) 


1 - 0=1 

1 - 1=0 


logic circuit of subtraction of two 1 -bit numbers is called as half-subtractor. 
1116 ic circuit, which performs the subtraction of two 1-bit numbers, taking 
1116 count the borrow of the pervious stage, is called as full-subtractor. 


4 4.1 Half-Subtractor 

h lf-subtractor is a combi national logic circuit, which performs the subtraction 
TllC o 1-bit numbers. It subtracts B (subtrahend) from A (minuend). It has two 
i hitinouts and two outputs as difference 
and borrow as shown in Fig. 4.18. 

The truth table of half-subtractor is given 
in Table 4.5, where A, B are the inputs and 
difference (D) and borrow (C) are the 
outputs. 



Table 4.5 Truth table of half-subtractor 


Inputs 

Out[ 

DUtS 

A 

B 

D 

c 

0 

0 

0 

0 

0 

1 

1 

1 

1 

0 

1 

0 

1 

1 

0 

0 


D = AB+ AB = (A®B) 


Fig. 4.18 Block diagram of 
half-subtractor 
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[T] 1 

rn 

i_i 

0 1 


Difference (D) 


V 4 

B \ 0 1 


0 

0 

\T\ 

0 


Borrow (C) 
(4.18) 


C = AB (4.19) 

The logic diagram of half-subtractor is shown in Fig. 4.19. 


A B 



Fig. 4.19 Logic diagram of half-subtractor 
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Fig. 4.20 Block diagram , 

subtractor 
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K-map for C n 


+ A n B 

nC n . 
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i'll " '* n 1 . 

= C n . u A B„ + A A) + C n -\ ( Y A + «) 

= UU)+c^®W 
=^, 0 ^©^ 

Q = ^ nB ,i + A „C„_i + B n C n 

- B n C n + A n B n + A n C n _i 


(4.20) 

(4.21) 


The logic diagram of full-subtractor is shown in Fig. 4.21. 



(4.23) 


C n H = ^ n * 

Xhe Boolean expressions of full-subtractor are 
Difference = A n © B n © C^ 

Borrow = B n C n _ x + A n C„-i + A n B n 
Difference = D nH © C n . x (v D nH = A„ © B n ) (4.24) 

Borrow = A n B n + A n C„-i + B n C n -1 {B n + B „ = 1) 

= A n B n + A „C n _ \{B n + B n ) + B n C n _\ 

= ^ n B n + A n C n _\B n + A „C n _i B n + B n C n _\ 

= A A[1 + (C n _!)] + A n B n C n _ x + B n C n _ x 
= ^ n B n + A n B n C n _[ + B tt C n _i (*.* 1 + C n _i = 1) 

= A n B n + A n B„C n _\ + B n C n _ x (A n + A n )(vA„ + A „=1) 

= A n B n + A n B n C n _ x + B n C n _\A n + B n C n _! A „ 

= A Ad + C n _0 + C n ^( A „B n + BA) 

= A n B n + C n _ x (A n • B n ) 

= A A + Q»-i( Ai ) 

Substituting and Z) nH from equations 4.22 and 4.23, 

Borrow = C nH + C n _ x D nH 

The logic diagram of full-subtractor using two half-subtractors is shown in 
Fig. 4.22. 



Fig. 4.22 Logic diagram of fuil-subtractor using half-subtractor 

4.4.3 /V-Bit Parallel Subtractor 

The full-subtractor has provision to subtract the borrow which is generated from the 
lower hit cnKfro^^ I ~«.u__« a,« cnkfror'tc 1 Mi <suhtrahend 
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highest order subtractor. The previous 


connected to the borrow input of th 
borrow for subtractor 0 is set to ^ 


444 Four-Bit Subtracter Using Adder 

.. „: ta |cvstems the process of subtraction is performed by usingtbe 
lnm ° St °If addhion Subtraction of B from A is equivalent to the addition of 
complement of B to A. In binary subtraction, 1 ’s complement or 2’s complement 


method is used. 


1's complement subtraction 

The subtraction of B from A is equivalent to the addition of the 1 s complement of 
B to A, i.e. A - B = A + Vs complement of B. 

The Vs complement of a binary number is obtained by subtracting each bit from 
1 or complementing each bit of the number. 

To understand this process, consider the following examples. 


(a) 9-8 = 1 

1001 ♦ Binary for 9 

1000 ♦Binary for 8 

1001 -1000= 1001 + l’s complement of 1000 

1 001 ♦Binary for 9 

+ ^ i ♦ Vs complement of 8 
—L A 1 ♦ Carry 
10000 

end-around carry 


l uw lOOO ♦Binary tor 8 

+ 0110 ♦ l’s complement of 9 
1110 ♦ 1’ s complement of 1 

the result is negative and it is in V s complement form. 

Carry is zeT examp les, it is observed that, after the addition, if carry is 1, 
From the a o ^ and correct result i s obtained by adding the end-around 
then the resu i P ’ reS ult is negative and it is in l’s complement form. 

carry-I fcarry 18 u ’ 

of binary subtraction using l’s complement 

the l’s complement of subtrahend. 

' Add the two numbers using binary addition. 

2 ' k he carry . if carry is generated, the correct result is obtained by adding 
3 - ^ arry to the result, otherwise find the l’s complement of the result. 

The logic diagram of l’s complement 4-bit subtraction is shown in Fig. 4.24. 



Here, four NOT gates are used to find the V s complement of subtrahend ( B) .A 
4-bit binary adder ( 1 ) adds the 4-bit number A and the 1 s complement o t e 
number B with the initial carry zero. 

Four Ex-OR gates are used to find the 1 1 s complement of the resu t. w en 
is not generated. The second 4-bit binary adder (2) is used to add the en 
carry, when carry is generated. 

























































Tounac^. 

.a* 9 ' S 0 = 0 \ ♦Binary for 9 

,000 ♦Binary for b 

0 ,n ♦ l’s complement of 

—j'o^f + 2 ’s complement of 8 

TTI 0 0 0 =10 01+ 2 s 

complement of 8 


1001 
+ 1000 

■T^ooT Discard the carry, and 

get true positive result. 


1000 i„, 

l°OI ♦Binar,, 


+ 1 


_ of 5 

0 1 1 L » 2’s comply 

1000-1 00 l = iooo + ^" t0f i 
c °mpleme m S of8 
1000 °’ 8 

+ 0111 


01111 Carry is zero. s , 

result is negative!* 

is in 2 s contplen,^* 
form. 

00 00 ♦ l’scomplement 
_ of llli 

_ ^ 2 s complement 
of 1111 


000 1 


From the above examples, it is observed that after the add.,ton .f carry isl 
thendte result is positive: and the correct result is obtained by discarding thecan, 
“ is 0, then the result is negative, and it is tn 2 s complement form. 

Algorithm of binary subtraction using 2’s complement 

1 Find the 2’s complement of subtrahend. 

2. Add the two numbers using binary addition. 

3 Check the carry. If carry is generated, the correct positive result is obtained 
by discarding the carry; otherwise the result is negative, it is in 2 s complement 
form, the correct result is obtained by taking the 2’s complement of 
intermediate result. 


The logic diagram of 2’s complement 4-bit subtraction is shown in Fig 4.25. 
Here, four NOT gates are used to find the l’s complement of subtrahend(S) 
C m is connected to V cc to add 1 to the 1 ’s complement to get the 2 ’s complement 
of subtrahend ( B ). 


The 4-bit binary adder (1) adds the 4-bit number A and the 2’s complement of 
B( 1 s complement of B +1). Four Ex-OR gates are used to find the 1 ’s complete 11 
of the result, whenever carry is not generated. 

The second 4-bit binary adder (2) adds the result of adder 1 and the outputo 
!esu?t R gatCS Wkh CaiTy aS 1 ’ whenever carry is not generated, and gives thecorrec 


Sign 0- 


. Positive 
- Negative 


Fig. 4.25 



Logic diagram of 2's complement 4-bit subtraction 


le 4 7 ( a ) Draw the logic diagram to find the l’s complement of a 
fxamp ‘ Draw an(J explain the i 0 gi c diagram to find the 1’s complement 

oU 4-bit number, whenever the control input M = 0, otherwise the output is 

same as the input. 


’ The l’s complement of a binary number is obtained, when each bit is 
subtracted from 1 or each bit is complemented. 

For example, the l’s complement of 1011 is 0100. The logic diagram to 
find the l’s complement of a 4-bit binary number is shown in Fig. 4.26 (a). 



Fig. 4.26(a) 1 's complement of 4-bit binary number 

(b) When one input of Ex-OR gate is logic 1, then the output of Ex-OR gate is 
the complement of anther input; otherwise the output of Ex-OR gate is same 
as the inputs. 

The logic diagram to find the 1’ s complement of a 4-bit binary number when 
M = 0, otherwise same as inputs, is shown in Fig. 4.26 (b). 

C is the 1’ s complement of B, when M = 0 
C is same as B, when M =1 



























Fig. 4.26(b) 1 's complement of 4-bit binary number, when hi 


0 


Example 4.8 Draw and explain the logic diagram to find the 2’ s Co 
of a 4-bit binary number when M = 0. otherwise the output is same mple ' 


as the 


> 

'"Pin 


Solution 

The 2’s complement ofa number is obtained by adding I to the l’scompl en , 
a number. The I’s complement of a number with control input M is show 01 
Fig. 4.26 (b). To add I to the l’s complement, a 4-bit binary adder is usjn* 
logic diagram of 2’s complement of a 4-bit binary inputs when M = 0, othenvi 
output is same as inputs, is shown in Fig. 4.27. 
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4-Bit Binary Adder ^in 
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Flg - 4 - 27 Logic diagram of 2's 


C 

complement of 4-bit binary inputs when M - 


C is the 2 
C is same 


s com P | ement of input B, when M = 
as inputs, when M =1 


0 


0 


a due* - 

The u ‘ - ts produces the sum in BCD form. BCD addition can be performed 

tN yo BCD ^ t j on The result of a binary adder may be valid or invalid BCD. If 

using binar ^j nva lid, it can be converted into a valid BCD by adding 0110 to the 
the ^'nsider the following examples. 
rCSUl ' 3 _ 9 (b) 7 + 4 = 11 

(a) ono ♦ BCD for 6 0111 *BCD for 7 

+ 0011 ♦ BCD for 3 +0100 ♦ BCD for 4 

1 1 

-f0(jT ♦ BCD for9 (valid) 


10 11 ♦ Invalid BCD 
1 10 ♦ Add 6 


fifini nnm ▲ Rrn fnr \ \ 


Algorithm for BCD addition 

! Add two BCD numbers using ordinary binary addition. 

2 Check whether the result is valid or invalid BCD. 

. If the result is valid (i.e. results 9). no correction is needed. 
• If the result is invalid, then add ‘6’ to get the valid result. 
When the result is invalid, Y = 1, otherwise Y = 0. See Table 4.7. 


Table 4.7 



An invalid BCD can be converted to valid BCD by adding 6, i.e. add 6 to the 


result whenever Y = 1. 




























































From the above map, Y — C out + S 3 S 2 ^ 3^1 

The log 
Fig. 4.28. 


The logic diagram of a BCD adder using two 4-bit binarys adders ^ 

1Ss Sii, 



Tens Ones 

Fig. 4.28 Logic diagram of BCD adder using 4-bit binary adder 


The 4-bit binary adderj adds the BCD numbers A and B with carry = 0. The 
combinational logic circuit is designed such that Y= 1, whenever the result ofbinan 
adder, is invalid. When Y= I, the 4-bit binary adder 2 adds 6. otherwise it addsO 
and provides the valid BCD result. 


4.6 BCD SUBTR ACTOR 

In most of the digital systems, the process of subtraction is performed by using! 
process of addition. The subtraction of BCD B from BCD A is equivalent Id 
addition of complement of B to 4. In BCD subtraction, 9’s complement or 1< 
complement method is used. F 


p 0 r v 9 ’ s complement ot3 = y- 3 = 6 

4 8 shows the decimal digits and their 9’s complements. 


Table z 


Table 4.8 



^e 9 ’s complement can also be obtained by adding (10) 10 in binary to the 1 ’ 
moment of that number. For example. 


complement < 

(a ) 0 100 ♦ 4 in binary (b) 

1011 ♦ l’s complement of 4 
+ 10 10 ♦ Add (10) 10 in binary 

ToToT” 


10 01 ♦ 9 in binary 
0 110 4 l’s complement of 9 
+ 1010 ♦ Add (10) 10 in binary 


1 1 


0101 is 5 in binary and it is the 9’s 
complement of 4. 


1 0000 


0000 is 0 in binary and it is the 9’s 
_ _ .. complement of 9. 

The logic diagram of 9’s complement of BCD is shown in Fig. 4.29. 


Logic 1 


Logic 0 o- 



Logic 0 


1 1 l - 1 T 


9’s Complement Output 

Fig. 4.29 Logic diagram of 9's complement of BCD 









































































1 ^ition 


ment Subtraction 

4.6.2 9's C ° m ' jl ^g CD numbers, B from A, is equivalent lo , 

,, subtraction of two _ g _ A + 9’ s complement of fi. -i* of j 

nipiemen'^^^jction, when 9's complement of a smaller num^ ’ 

Ip 9 ' sC ° mP lc^ ts senerated. Th.s carry .s known as end-a*^^ 

-uroernumber.caiy & get the correct positive re s „i, 


+ 0110 ♦Add6 
11 ♦ Carry 

10101 

I_>i ♦ Add the carry 

"TjTo ♦ BCD for 6 
Result = + 6 


(b) 3-9 = -6 

0 0 11 ♦ BCD for 3 

♦ 9 ’ s ^Pleme^ 
00 1 1 ♦ Carry i s no t 

generated, result i s 

negative and in 9 ! 
complement form 

Result = - 6 


Algorithm of 9's complements BCD subtraction 

1. Find the 9’s complement of subtrahend. 

2. Add the two numbers using BCD addition. 

3. Check the carry. If carry is generated, the answer is positive and the correct 
result is obtained by adding the carry to the intermediate result. Otherwise 
the answer is negative and the correct result is obtained by taking the 9’s 
complement of the intermediate result. 

Figure 4.30 shows the 9’s complement BCD subtraction. Four Ex-OR gates 
and adder 1 are used to find 9’s complement of subtrahend. Adder 2, adder 3, OR 
and AND gates are used to add the two BCD numbers as discussed in Section 4.5. 

Adder 3 and Ex-OR gates are used to find the 9’s complement of the result, 
the result^ ' S ^ ^ enerate( * a ^ er BCD addition; otherwise it adds the cany' to 


4U Ws Complement 

of ^SrSrq* 48itCMkob,aind b y addin g 110 the 9’s comply" 1 
v complement of 4 = 9-4 = 5 

0sc omplementof4 = 9_4 + i =6 


LOglC 1 


9’s complement 
circuit 


Logic 0 


wwww 


4-Bit Adder 
(1) 


Cin 


BCD Adder 
circuit 


BCD A A A A 
Input ^ ^2^0 


4-Bit Adder 
Cput (^) $3 ^2 S\ So 


Logic 0 



If carry is 1 add. 
If carry is 0, find 9 s 

complement of result. 


SignO 


Positive 


l —► Negative 


Logic 

0 




kkkk 


4-Bit Adder 


TTTTT 

S 2 S 0 


c ; 


"V- 

BCD Output 


Fig. 4*30 9's complement BCD subtraction 

Table 4.9 shows the decimal digits and their 10’s complements. 

Table 4.9 


























































(a) ; ,,-scomplement°t- 

Jo!i ^AdddOhoinbrnary 
+ j « Carry 

—— 10 's complement of 


u * ' u ’ 1 s c °mpl em 

+ 1010 ♦ Add (l 0t n, «f? 
1 1 ♦ cJ, ),0 ' n ^a, 


♦ Carry u,n ^ 

^000 0 ♦ Discard the r 

0000 ♦9-,c„ mp | ^ 

+ 0001 .Add I 


000 1 4 Blnar >forl an J it 
10 ’: 


SCOm P , emen to ;; 
1.31. 


Logic 1 c 


Logic 0 




03 

02 

0. 

—T- 

00 

-^T 

n 

r 

j t 

A 2 

k ** 

r ^ 

A i 

A o 

SjMi 5 o c 

3 4-Bit Binary Adder _JnJ 


2 _1_JSi 

m r 


10’s Complement Output 

Fig. 4.31 Logic diagram of 10's complement of BCD 

The EX-OR gate is used to find the l’s complement of the 4-bit number. The 
4-bit binary adder adds the I s complement and 1010 with the carry to get the 10 s 
complement of the original number. 

4.6.4 10's Complement Subtraction 

The subtraction of two BCD digits, B from A , is equivalent to the addition of the 
10 s complement of B and A, i.e. A-B = A + 1 O’ s complement of B. 

In 10’s complement subtraction, when the 10 ’scomplementofasmallernumber 
added to a larger number, a carry is generated. This carry is known as the end- 
roTcomn?' The C f°' is discarded t0 § et the correct positive result. When the 
generated 5 ThTresuir ^ nUmber “ added t0 a smaller number, carry is not 
result is obtained by takLe^'I rr ^ " ' S10 ’ s com P lement form. The correct 
the following examples 6 scom P'ementoftheintermediateresult. Const er 


nllO+Addfc 

♦ Discard the carry 
OilO* BCD for 6 
Result = + 6 


generated, result is 
negative, and it is in 
10’s complement 
form 

Result = -6 


of 10'S complement BCD subtraction 

A lgori thm complement of subtrahend. 

1 ' Aid two numbers using BCD addition. 

2- . carr y .If carry is generated, the result is positive. The correct result 

3 ^ ^ discarding the carry. If no carry is generated, the result is 

is obtai ^ ^ j n j o’ s complement form, and the correct result is obtained by 
negative.^ ^ comp i e ment of the result. 

finding the , ogic diagram of 10’s complement subtraction. 

Figure 4.3^ m* 

BCD Input 



BCD Output 

Fig. 4.32 Logic diagram of 10's complement subtraction 







































































A^^^^otherwise it adds 0 in binary to ^t^ 

when carry is n 


, 7ARIT hmet!C_log!C_iJN1I-— 

zd --- . Unit (ALU) is a widely used combinational Clr ''\. 

The ArithTnet ic JLogiC n as weU as logical operations. Thi^", Mj, 

is capable o P 6 ^ microcontroller. IC 74181 is an example of Ay Si 

°SSS 'ogic unit. The functional diagram of 74181 is shown hfe 



Fig. 4.33 Functional diagram of 74181 


A 0 - 4$nd B 0 - £3 = 4-bit binary inputs 

C n = Active low carry input 
F 0 -F 3 = 4-bit binary data output 

C n+ 4 = Active low carry output 
A = B = Output for equality 


G = Carry generated output 
P = Carry propagated output 
S 0 -S 3 = Select inputs 
M = Mode control 


control ^ LU u^ 0rms ar ^^ lme bc or logical operations according to the mode 
operation^mrvt ^ ar ^ met * c operations, mode control M signal is 0. For logical 

logical or anthmnict^r^olf " 31 ‘ S 1 ' 5 ° ~ ^ mpUtS are USed t0 SeleCt ^ ^ 

positive result and vJbv ° Utput ' n subtraction operation. Logic 0 indicate 
form.The74181 expressed in 2 ’s complement 

honcho^jV uccee du'g stage ^ connect >ng the carry output of a stage to t e 

Table4 >0)and W^J'^forAf = 1 is for , ogica , opera tion (as give"'” 
k dnih met 1C op eratlon(asgiveninTable4 ., 1) . 



Select Inputs 



S 2 

S, 

So 

” 0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

1 

0 

0 

0 

1 

1 

0 

1 

0 

0 

0 

1 

0 

1 

0 

1 

1 

0 

0 

1 

1 

1 

1 

0 

0 

0 

1 

0 

0 

1 

1 

0 

1 

0 

1 

0 

1 

1 

1 

1 

0 

0 

1 

1 

0 

1 

1 

1 

1 

0 

1 

1 

1 

1 


C n =i 


C n =0 


f=a 

F = A plus 1 \ 

F = (A + B) 

F = (A + B) plus 1 1 

F = (A + B ) 

F = (A + B ) plus 1 \ 

F = 2’s complement of A 

1 F = zero 1 

F = A plus A B 

1 F = A plus A B plus 1 

F = (A + B) plus A B 

1 F = (A + B) plus A B plus 1 

F = A minus B minus 1 

1 F = A minus B 

F = AB minus 1 

1 F = AB 

F = A plus AB 

1 F = A plus AB plus 1 

F = A plus B 

1 F = A plus B plus 1 

F = (A + B) plus AB 

F = (A + B ) plus AB plus 1 

F - AB minus 1 

1 F = AB 

F = A plus A* 

1 F = A plus A* plus 1 

F = (A+ B) plus A 

F = (A + B) plus A plus 1 

F - (A + B ) plus AB 

1 F = (A + B)plus AB plus 

F - A minus 1 

F = A 


A* = Each bit of A is shifted to the next more significant position. 

Example 4.9 Design a 4-bit adder using IC 74181. Show the working of the 
following cases: (a) A = 4, B = 9, (b) A = 8, B = 9. 


Solution , 

1C 74181 is a 4-bit ALU. It performs various arithmetic operatiions> when 

M =0. The addition can be performed by IC 74181 when M - 0 an 
logic diagram of a 4-bit adder using IC 74181 is shown in Fig. 4.3 








































4.34 Logic diagram of 4-bit adder using 1C 74iai 

(b) F=A plus H 

10 0 0 ♦ Binary f 0r o 
1001 ♦ Binary for9 
I 000 1 

Resultis/r =rxxji an(J 

C„ + 4 = o 

Framole 4.10 Design a 4-bit adder using IC 74181. Show the working 0 f ,l 
iSng cases: (a) 4 = 97, 5 = 29, (b) A = 20, B = 57. 8 ** 


IC 74181 is a 4-bit ALU. It performs addition when M = 0 and S= 1001. For a 
8-bit addition, it is necessary to use two ICs in cascade. The logic diagram of an 
8-bit adder using IC 74181 is shown in Fig. 4.35. 



(a) F =1 plus B plus carry 

F i=A l plus B l plus C„ +0 
F h = Ah plus B h plus C„ + 4 

A = 97 and 5 = 29 

01 100001 * Binary for 97 
— 1 1 I 0 1 ♦ Binary for 29 
-^IL LL 1 1 0 ♦ Binary for 126 


(a) F=A plus/f 

01 00 ♦ Binary for 4 
100I* Binary for 9 

~oTToT~ 

... Result is F= HOI and 


F plus B plus carry 

(b) /r sA/.plus^P lusC «*o 
P^ yt w plus Bh plus C„ + 4 
^ - 20 and B- 57 

0 0 0 10 10 0 ♦ Binary for 20 
0 0 1110 0 1 ♦ Binary for 57 
0 0 1 0 0 1 10 1 ♦ Binary for 77 

There is no carry after the addition of least significant 4-bit. Hence C„ +4 =0 
and C„ + 4 = 1 • Similarly, there is no carry after the addition of 8 -bit. Hence 
C n + 8 = 0 and C„ + 8 =l. 

... Result is F = 01001101, C„ + 4 = 1, C„ + 8 = 1. 


4.8 COMPARATOR __ 

The comparator is a combinational logic circuit. It compares the magnitude of two 
n .bit numbers and provides the relative result as the output. The block diagram of 
n -bit comparator is shown in Fig. 4.36. 

A and B are the two n-bit inputs, and A> B, A = B, and A<B are the outputs. 
Depending upon the relative magnitude of the numbers, one of the outputs will be 
high. The truth table of 2-bit comparator is given in Table 4.12. 


Table 4.12 The truth table for 2-bit comparator 


Inputs 

Outputs 

A, 

A; 

B, 

B 2 

A >B 

a; 

ii 

A <B 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

0 

l 

0 

0 

1 

1 

0 

0 

1 

0 

1 

0 

0 

1 

0 

0 

0 

1 

0 

1 

0 

1 

0 

0 

1 

1 

0 

0 

0 

1 

0 

1 

1 

1 

0 

0 

1 

1 

0 

0 

0 

1 

0 

0 

1 

0 

0 

1 

1 

0 

0 

1 

0 

1 

0 

0 

1 

0 

1 

0 

1 

1 

0 

0 

1 

1 

1 

0 

0 

1 

0 

0 

1 

1 

0 

1 

1 

0 

0 

1 

1 

1 

1 

0 

1 

0 

0 

1 

1 

1 

1 

0 

1 

0 


B A 

u u 

n - Bit 
Comparator 

ii i 

A>B A = B A<B 

Fig. 4.36 Block diagram of 
n-bit comparator 






















































10 


Map for A S Mapfor^ = 5 


/Mo 

r.r\ 00 

01 

11 

10 

00 

0 

0 

0 

0 

01 

jTj 

0 

0 

0 

7i 

:: 1 : 

1 

11 

1 

0 

; 1 

10 

1 

: 1 

1 i 

0 

0 


Map for A < B 


A>B = AA +A 0 B t B 0 +A ] A 0 B 0 
A = B= \B\AqB 0 + A x AioBiB 0 + A\A 0 BiB 0 + 

= A t B l (A 0 B 0 +A 0 B 0 )+A l B l (A 0 B 0 + A 0 B 0 ) 

= A i B i (A 0 ®B 0 ) + A l B l (A 0 ®B 0 ) 

= (A 0 ®B 0 )(A l B l +A l B l ) 

= (Ao® B 0 )(A\® B\) 

A<B = 4 | B\ + A { / 4 q Bo + Aq B\Bq 

The logic diagram of a 2-bit comparator using gates is shown in Fig. 4 . 37 . 



cascaded «o 

c3n -1 Fie- 4-38 

s ho*n ,nFg 


compare wuiuj my 1 tie logic symbol ot IC 7485 i 



truth table of IC 7485 comparator is given in Table 4.13. 

Table 4.13 Truth table of IC 7485 comparator 



The functional diagram of IC 7485 is shown in Fig. 4.39 and the description of 
pins are given in Table 4.14. 



Fig. 4.39 Functional diagram of IC 7485 




















































































































































2 

3 

4 

5 

6 
7 


A- B Cascade input 
A > B Cascade output 
A> B output 
A = B output 
A<B output 
GND 


11 

12 

13 

14 

15 

16 



Example 4.11 Design a 5-bit comparator using IC 7485 and a Sll - 

uttabj 


Solution 

IC 7485 is a 4-bit comparator. It has three outputs and three cascadin • 

A > B. A = B. and A < B. It is possible to design the 5-bit comparator 8 " 1PUt ' S ' v iz. 
IC 7485 with the help of cascading inputs as shown in Fig. 4.49 Us,n S s itig| e 


a 4 - > 

A) - * 

A 2 - . 


A> B 

A l- * 

1 

h - - 

B ? - * 

7 

4 

8 

5 


°A>B 

2 

*1 - * 


A <B 1 


A o° - 

A>B 


—oA <B 

vq 

A=B 

A<B 



Fig. 4.40 

Five-bit comparator using single IC 7485 

From Table 4.12, i, is found t ha t when, 



A>B a<B 

0 0 

A = B 1 

A>B 

1 

a = b 
0 

a<b 

1 


0 


- correct result, A = B. 


,he ° UtPU ' t0 get the ‘ 

Solution m Parator using IC 7485 and a suitable gate. 

agram of an 8-bit comparator is shown 





a>b 


a=b a<b 

Fig. 4.41 Logic diagram of 8-bit comparator 


49 pabity lgenerator 


mentioned in Chapter 2 the parity bit is an extra bit included with the binary 
omtation to detect errors during; the transmission of binary information. In digital 
Communication, an extra bit »s added in binary message such that the total number 
is in the message can be either odd or even according to the type of parity used 
The parity generator is a combinational logic circuit that generates the parity bitfsf 
There are two types of parity generators and parity checkers: 

1 Even parity generator 
2. Odd parity generator 

4.9.1 Even Parity Generator 

The even parity generator is a combinational logic circuit that generates the parity 
bit such that the number of 1 s in the message becomes even. The parity generator 
checks the input’s binary information and generates the parity bit 0/1 such that 
after the addition of parity bit, the total number of 1 s in the message becomes even 
Table 4.15 shows the 4-bit information with even parity. 

Table 4.15 4-bit information with even parity 

4 -bit information 


B 


0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 


Even parity 


0 

1 

1 

0 

1 

0 

0 

1 

1 

0 

0 

1 

0 

1 

1 

0 


Tl * K ‘ ma P p With inputs A.B.C. and 


oX: 


00 

01 

n 

10 


B 

00 

01 

11 

10 

0 

a 

0 

[T. 

[Q 

0 

a 

0 

0 

\ i ! 

0 

i > 

L’J 

ST. 

0 

rr: 

0 


Fig. 4.42 K-map for P with 
inputs A, B, C, and D 


D is shown in Fig. 4.42. 
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Fig. 4.43 Logic diagram of even parity generator 


49 2 Odd Parity Generator 

The odd parity generator is a combinational logic circuit that generates the parity 
to S uch Lt the number of Is in the message becomes odd. The panty generator 
clecks the input s binary information and generates the panty b.t 0/1 such , hal 
after the addition of parity bit, the total number of Is in the message becomes odd. 
Table 4.16 shows the 4-bit information with odd parity. 

Table 4.16 4-bit information with odd parity 



1C(B®D)+ 4C(B®tt) + ac(«©0) + /iC(B® D) 
__ ( JC+AC)(B® D) + (AC + AC)(B®D) 
l (A 0O(B®D) + (A(BC)(B®D) 

_ ^X®C)(B®D)) + (A © C)(B © D) 

„ ( A ®Q®(B®D) 


The iogic diagram 


of odd parity generator is shown in Fig. 4.45. 



Fig. 4.45 Logic diagram of odd parity generator 

4 _i n PARITY CHECKER _ 

At the receiving end, a combinational logical circuit is used to check the parity of 
the received information. It determines whether the error is included in the message 
or not. The combinational logic circuit used at the receiver to check the parity of 
received information is known as the parity checker . 

There are two types of parity checkers: 


1 . Even parity checker 

2. Odd parity checker 


4.10.1 Even Parity Checker 

The even parity checker is a combinational logical circuit. It has rc-bit inputs message 
and a parity error as the output. The circuit checks the parity of inputs and provides 
the output 0/1. For an even parity checker, if the parity of input message is even, 
then the output is 0, otherwise the output is 1. When the output is 1, it shows there 
is error in the message. The truth table of a 5-bit even parity checker is given in 
Table 4.17. 
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The K-I 


map for PE with inputs A, B, C, D, and P is shown in Fig.4.46. 



+ AB D (C ® P) + ABD(C © P) 


= A B [D(C © P) + P (C ®P)]+AB(D(C®P) + D(C® P)) 

+ AB(D(C® P) + D(C ® P)) + AB(D(C © P) + D(C©P» 
_ [(A B + AB)(D(C ® P)] + D(C + P) + (AB +AB)(D(C® P) 
+ D(C®P))((A © B)(D © (C © P)) + (A © B)(D ®C®P) 
_ [(A © B)(d®C~®P)] + [(A® ft )(D © C © P)] 

_ a®b®c®d®p 


The logic diagram 


of an even parity checker is shown in Fig. 4.47. 



4.10.2 Odd Parity Checker 

The odd parity checker is a combinational logical circuit. It has n-bit inputs message 
and a parity error as the output. The circuit checks the parity of inputs and provides 
the output 0/1. For an odd parity checker, if the parity of input message is odd, 
then the output is 0, otherwise it is 1. When the output is 1, it shows there is error 
in the message. The truth table of a 5-bit odd parity checker is given in Table 4.18. 

PE = ABD(C®P) + ABD(C®P) + ABD(C®P) 

+ A BD(C®P)+A BD(C © P) + ABD (C © P) 

+ ABD(C®P)+ ABD(C © P) 

= AB[D{C® P) + D(C®P)}+ AB[D(C®P) + D(C®P)] 

+ AB[D(C® P) + D(C® P)} + AB[D(C © P) + D(C + P)] 

= AB[D(c~®P) + D(C © P)] + AB[D(C®P) + D(C~®P)} 

+ AB[D(C®P) + D(C © P)} + AB[ D ( C®P ) + D(C © P)] 

= [(AB + AB)( D(C © P) + D(C ® P))] 

+ [(AB + AB)( D (C ® P) + D(C®P ))] 

= [(AB + AB)] D(C®P) + D{C®P) 

= [(A ® B)(D ®(C © P ))] + [(A ® B)(D ®(C © P)] 

PE = [(A © B)(D © C © P)] + (A © B) © (D © C © P) 

= {A® B)® (D®C® P) 































































PARITY GENFRATOR/CHEC KER (IC74180) _ 

Aj-1—— generator/checker. It can be used as a parity generator 

)C 741 80 is a !, checke r. It has eight parity inputs (A to H) and two cascading 
as well » s a pan o y outpu t s , £ Even and I Odd. The logical symbol of IC 74180 is 


shown 


in Fig- 4-50 


s noon 




Tab |e a .19 Truth table of 74180 


laDie ■ 

Parity 

Inputs 

Cascading 

Inputs 

Outputs 

Even 

Odd 

£ Even 

I Odd 

Even 

1 

0 

1 

0 

Odd 

1 

0 

0 

1 

Even 

0 

1 

0 

1 

Odd 

0 

1 

1 

0 

X 

1 

I 

0 

0 

X 

0 

0 

1 

1 1 



From the truth table of IC 74180, it is observed that 


Parity inputs 

+ 

Cascading input = Output 

Even 

+ 

Even = Even 

Odd 

+ 

Odd = Even 

Odd 

+ 

Even = Odd 

Even 

+ 

Odd = Odd 


When the cascading inputs are logic 1, then the outputs are logic 0, and 
both cascading inputs are logic 0, then the outputs are logic l. 


outputs 

































































Solu* 10 " I,,, generator/^'— 
, C 74180 is a panty S 


-Dlt 


e ve n 


Nty 



4 14 (a) Design a 9-bit odd parity generator using IC 74180. 
fxamp e • a , 0 . bit odd parity generator using IC 74180. 


Ltloompws IteenemKsparitybi.^corimgt°O’e 1i.npu.m^s.ges.Hw,* 
diagram of a 9-bit odd pafi'y generator is shown in Fig. .t (a). 


~*A 


—o B 
o C 
—o D 
—oE 
—OF 


Logict~ y ~~ 


A 
B 
C 

£ I Even 
£ 74180 
H I Odd 

Odd 

Even 


28 

-op 


9-bit even parity 
information 


F *gr 4.52(a) Logic diagram of 9-bit odd parity generator 
The logic diagram of a 10-bii odd partly generator is shown in Fig. 4.52(b) 




Fig- 4.52(b) 


Logic diagram of 10-bit odd parity generator 


4. i ---- 

— ' . is a combinational logic circuit with multiple inputs and a single 

The multip e se i ect on e input at a time and send it to the output line. For an n- 

‘’“tmultSexer, m select inputs are required, 

* n P ul = 2 m The block diagram of an n-input 

Wh ,mt,lex'er is shown in Fig. 4.53. 

mU ' £ 4 53 E is active low enable input. When 

this'inpu* is low, the chip is enabled^ 

A multiplexer is also known as a data selector. 

Depending upon the digital code applied at the 4 
selector lines, one of the data inputs is selected and 

passed to a output channel. 

Let us consider a 4-input multiplexer as an 
example. For a 4 -input multiplexer, the number ^ ^ Block djagram of 
of select lines is two (2 - 4). The truth table of a n . input multiplexer 
4*1 multiplexer is given in Table 4.20. 





Table 4.20 Truth table of 4:1 multiplexer 


Select lines 

Outputs 

Si 

So 

Y \ 

0 

0 

/o 

0 

1 

*1 

1 

0 

h 

1 

1 

h _J 


The expression for output Y can be written as 
Y = S { S 0 Iq+ S x SJ\ + S, S 0 / 2 + SjS 0/3 












































































s . LoRic diagram of 4:1 multiplexer using gates 
Fig. 4.5« LU6 

4 ' 12 '! “"'Id'*" aV *"‘ b " !,0^, ' ° f ,Cs * s *« i 

^ 4 : 1 , 8 . 1.300 

Table 4.21. 


ir Mi 

Description 

Output 

74157 

74158 

74153 

74352 

74151A 

74152 

74150 

Quad 2:1 

Quad 2:1 

Dual 4:1 

Dual 4:1 

8:1 

8:1 

16:1 

Same as input 

Inverted input 

Same as input 

Inverted input 
Complementary output 
Inverted input 

Inverted input 


The largest available ICs of multiplexers are 16:1. Therefore, to implementa 
multiplexer with more than 16 inputs, there should be provision for expans,on. 
The multiplexer has an enable (strobe) input, which helps in its expansion. 

Let us consider the example of an 8:1 multiplexer using two 4:1 multiplexers as 
shown in Figure 4.55. The expansion of a multiplexer is referred to as multiplexer 
tree. 

For an 8:1 multiplexer, the number of select inputs should be 3. The 4.1 
multiplexer has only two select inputs and hence, the enable input of 4:1 multiplexer 
is used as the third select input 5 2 . Whenever S 2 is logic 0, the IC M\ will beenabled 
and Mi will be disabled, depending upon the binary inputs at S , and So, and one of 
the inputs of M, is sent to the output. Whenever S, is logic 1, M 2 is enabled and M\ 
disabled, depending upon the binary inputs at S, and S 0 , and one of the inputs of 





Fig. 4.56 8:1 multiplexer using 4:1 and 2:1 multiplexers 











































































M P , many Mo one- It is a device that allows pl acing „ 
Multiplexer means ■ on # single output line as per the select , npul 
information fio®*** mbin ational logic circuit can be implemented by Usin? 
Any application ot co Multiplexe rs are widely used and they offer ^ 

multiplexers and external B 

^Tsilptrlon of logic expression is not required, 

2 . It minimizes the IC count, an 
3 Logic design is simplified- 

The design procedure of a combinational logic circuit using multiplexer is as 


I Identify thedecimal numbercorresponding to each minterm in the expression. 
2 ' The input lines corresponding to these numbers are to be connected to logic 
I level and all other input lines are connected to logic 0 . 

3 . Then the select inputs are to be applied to the select lines. 


Example 4.15 Implement the following expressions using a multiplexer. 

(a) Y(A, B. C) = lw(0,1,2, 6 ,7) 

(b) Y(A, B, 0 = rW(0,1,4,5) 


Solution 

(a) Given Boolean function is 
Y(A, fl, C) = lm(0,1,2,6,7) 

It is a three-variable Boolean function, therefore a multiplexer with three 
select lines is required to implement the given Boolean function 
Figure4.57(a) shows the implementation using an 8:1 multiplexer with three 
e ect inputs. The inputs of the multiplexer corresponding to the g 1N 



fig 4 57(a) Implementation of Y(A, B, C) - lm(0, 1, 2, 6, 7) 

rb) Given Boolean function is 

Y(A,B, O = nAf(0, 1,4,5) 

It is a three-variable Boolean function in terms of maxterms. It can be 
expressed in minterms as 

T(A, B,C) = Xm( 2 , 3, 6 , 7) 

It is a three-variable Boolean function, therefore a multiplexer with three 
select lines is required to implement the given Boolean function. 
Figure 4.57(b) shows the implementation using an 8 :1 multiplexer with three 

select inputs. 


Fig. 4.57(b) 


0 

K CC 



0 



l 



2 



4 8:1 L 



c Multiplexer 

1 


6 

7 


r 

E 

S 2 S { Sq 


m 


ABC 


Output 
Y(A 9 B, Q 


Implementation of Y(A, B, Q = flM(0, 1 ,4, 5) 


The inputs of the multiplexer corresponding to the given maxterms are 
connected to ground and other inputs are connected to V cc . The enable input 
E is connected to ground to enable the chip. The inputs A. £, and C are 
connected to the select lines of the multiplexer. 







































*•*> * CD 

It is a four- variable Boolean expression It should be convened into staiy^ 

sum of products form. _ _ 

t ,mD*V** KD * ABD ^* C) l A _Z DfB * ,i) 

^ b cd*Zbcd*a bcd * abcd *‘' bcd 

+ABCD+ABCD 

_ ABCD+ ABCD +ABCD+ ABCD+ABCD 
+ ABCD+ ABCD 

= ABCD+ABCD +ABCD+ ABCD + A BCD+ ABCD 

_ ABCD = 0100 = 4 

,4 BCD =0001 = 1 

__ inm _„ ABCD= 0011=3 

ABCD = 100! -V _ 

- 7 ABCD= 0101=5 

ABCD=B\U = ' 

Hie above Boolean expression can be wntten as 

H/ 1 . 8 ,C,D)-&< 1 . 3 . 4 , 5 . 7 , 9 ) 


K cc? 




S} S 2 Sq 


16: 1 

Multiplexer 


Output 


T(A, 5, C, £>) 


TTTT 

ABCD 

Fig. 4.58(a) Implementation of V = ABC + ABC D + ABD + aCD 


(W 


<£"• nnected to giuu»» ----■ 

E is con ., the select lines of the multiplexer. 
c onne cte0 

Given Boolean expression is 

Y=(A 


+ g). (A + B + C) • (A + B) 


J «—• \+ * 

variable Boolean expression in terms of product of sums form. 
It is a ,. u inverted into the standard form. 


A + B + C =001 = 1 
A + B+C =010 = 2 


Si! it should be converted into, 

), = (A + B + CC)-(A + B + C)-(A+B +CC) _ 

(^ + ^ + (7).(A + B+ C)‘(A+B + C).(A+B+C).(A+B + C) 

a + b + c =000 = 0 
A + B + C =100 = 4 
A + S + C =011=3 

The above Boolean expression can be written as 
T(A, B.Q = nJW(0, 1, 2, 3,4) 

It is a three-variable Boolean expression, therefore a multiplexer with three 
i fis reauired to implement the given Boolean function. Figure 4.58(b) 
shows die implementation using an 8:1 multiplexer. 



Fig. 4.58(b) Implementation of Y- (A + 8 ) • (A + B + C) • (A +B) 


The inputs of the multiplexer corresponding to the given maxterms are 
connected to ground and other inputs are connected to V cc . The enable input 

E is connected to ground to enable the chip. The inputs A, B, and C are 
connected to the select lines of the multiplexer. 



































S ° IUti Th, half-adder is a combinational logic circuit that adds 
(a) 1 ne nail . , . »..m anH ram/ as nntnutc tu_ . 


tw 0 1 


' b 'tb, 


Thp ha r-aduer ia ^- t —iwc 

adder is given in Table 4.23(a). f % 


),n *ry 


Table 4.23(a) Truth table of half-adder 


Inputs 

On j 

tputs 

A 

B 

Sum 

Carry 

0 

0 

0 

0 

0 

1 

1 

0 

1 

0 

1 

0 

1 

1 

0 

1 


The outputs, sum and carry, are the functions of inputs, A and B. The Bool ean 
expressions can be written as 

Sum (4, B) = Zm (1,2) 

Carry (A. B ) = Zm (3) 

These can be implemented using two 4:1 multiplexers as shown i n 
Fig. 4.59(a). 



Fig. 4.59(a) Half-adder using multiplexer 


(b) The half-subtractor is a combinational logic circuit that subtracts two bit 
and produces the difference and borrow as outputs. The truth table of halt- 
subtractor is given in Table 4.23(b). 


0 

1 

1 

1 

1 

0 

1 

0 

1 

1 

0 

0 


utputs, difference and borrow, are the functions of inputs, A and B. 
Hi Boolean expressions can be written as 

C(A.B) = ^ i '> 

These can be implemented using two 4:1 multiplexers as shown in 

Fig CS 4.59(b). 



Fig. 4.59(b) Half-subtractor using multiplexer 

Example 4.18 Design the following multiplexers using NAND gates only. 

(a) 4:1 multiplexer 

(b) 8:1 multiplexer 

Solution 

A multiplexer has multiple inputs and a single output. The selector selects one ot 
the inputs at a time and sends it to the output line. For an n-input multiplexer, m 
select inputs are required, where n = 2 m . 

(a) For a 4:1 multiplexer, n = 4 and m = 2 

Let us assume 7 0 ,7 t , 7 2 ,7 3 are the inputs of the multiplexers and and S 0 are 
the select inputs. The truth table of 4:1 multiplexer is shown inTable 4.24(a). 































































0 

1 

'1 

1 

0 

h 

1 

1 

h 


The expression of output Y can be written as 

y = S, J 0 /q + S, 5p/| + S| V 2 + S\S 2 h 
r=S,5,/0+W, +^i5q/2 + ^|V 3 
= 5,Vo • 5,5o/| • 5,5 0 / 2 • 5,5 2 / 3 

= Kq" T| • ^ 2 * *3 _ _ 

where Y 0 = S,S 0 1 0 , Y t = 5, Vi* y 2 = $1 4. and T 3 = 5 ^ 

F=Wpi 


y= W44 

The logic diagram of 4:1 multiplexer using NAND gates is shown in Fig. 4 ^ 



Fig. 4.60(a) 4:1 multiplexer using NAND gates 


(b) For an 8 :1 multiplexer, n = 8 and m = 3. 

Let us assume /„, /,, I 2 ,1 3 , / 4 , 1 5 ,4 and / 7 are the inputs of the multiplexers, 
and S 2 ,S, and S 0 are the select inputs. The truth table of 8 :1 multiplex 
given in Table 4.24 (b). 

The expression of output Y can be written as/ _ 

Y=S 2 S, Vo + S 2 S,$o4 + S 2 S { S 0 I 2 + S 2 S t S 0 I 3 +S 2 S t S 0 I 4 + 5 2 5 ' 5t 5 

+ S 2 S\S 0 I 6 + S 2 S ] S 0 I 1 ___ ^7 

F = S 2 5, Vo + S 2 5,5o/| + 5 2 5|5 0 / 2 + S 2 W 3 + S 2 S ; S 0 h + S > S] 


+ S 2 S t S () I b + 5 2 5|Sq/7 


0 c 

u 

l 

0 

1 

1 

0 

0 

0 

1 

1 

1 

0 

1 


Using PeMorgan' s theorem^- _—_ _- „ — 

y = (S 2 S| Vo) • (S 2 S]S 0 I\) -(S 2 S X S 0 1 2 ) • ( S\Sq1 2 ) .(S 2 S,S 0 / 4 ) 

.(5 2 S, 1 V 5 ) .(5 2 S,5 (l / 6 ) .(S 2 S|S 0 / 7 ) 

= K 0 • fti jJVJV Ft -4 F _ __ 

where Ko= 5 2 5,S 0 /o Y\ = S 2 S X S I) I\ Y 2 = S 2 S l S 0 I 2 Y 3 = S 2 S l S 0 /- ) 

Y 4 = S 2 S, S 0 1 4 Y 5 = S 2 S,S 0 / 5 Y 6 = S 2 S l S 0 / 6 Y 7 = S 2 S i S 0 I 1 

Taking complement of both sides, 

F = 

The logic diagram of 8:1 multiplexer using NAND gates only is shown in 
Fig. 4.60(b). 



Fig. 4.60(b) 8:1 multiplexer using NAND gates 












































































































































Y(A, B , C, D) = lm(0, 2, 3, 6 , 8 , 9, 12, 14) 

It is a four-variable Boolean expression in terms of minterms A 1 a 
is required to implement this expression. But it is also possible t 6 1 rriult ip] e 
above expression using an 8 :1 multiplexer. The above expressi 0 ° lmplem eni 
in the form of truth table as shown in Table 4.25 (a). ° Can hp ’* ' ^ 

Table 4.25(a) Truth table of Y = Im(0, 2, 3, 6, 8, 9 12 




Digit 

A 

B 

c 

D 

Y 


0 

0 

0 

0 

0 

1 

——^ 

1 

0 

0 

0 

1 

0 


2 

0 

0 

1 

0 

r ■ 


3 

0 

0 

1 

1 

1 


4 

0 

1 

0 

0 

0 

— - » _ ^ 

5 

0 

1 

0 

1 

0 


6 

0 

1 

1 

0 

1 


7 

0 

1 

1 

1 

0 


8 

1 

0 

0 

0 

1 


9 

1 

0 

0 

1 

1 


10 

1 

1 

0 

0 

1 

1 

0 

1 

0 

0 

y=o 

12 

1 

1 

0 

0 



13 

1 

1 

0 

1 

0 

K=D 

14 

15 

1 

1 

1 

1 

1 

1 

0 

1 

0 



The relationship of input Dana output r roreaengiu p t 

the last column of Table 4.25(a). It is found that the truth table can be wntten in 
terms of three variables as shown in Table 4.25 (b). 

Table 4.25(b) Truth table of V using three variables 


A 

B 

c 

Y 

0 

0 

0 

D 

0 

0 

1 

1 

o 

1 

0 

0 



1 

D 

0 

1 

1 


1 

0 

0 

1 

1 

0 

1 

0 

1 

1 

0 

D 

1 

1 

1 

1 

D 


Y(A,B, C, D) 


-t- 


V 


8: 1 
MUX 


ES2 S Q 


4.61 implementation of V ■ 

F ' 8 ' multiP lexer 


ABC 

£m(0, 2, 3, 6, 8, 9, 12, 14) using 8:1 


mult'P le * c 

n implement the following expression using a single 4:1 

lxampl e 4 Z 

ml,mPle g( 4 , B, O = Tm(°, 1.4. 6,7) 


Boolean expression is 


y(A,B,C) = & ”( 0 ’ 1 ’ 4 ’ 6 ’ 7) 

. var iable Boolean expression in terms of minterms. An 8:1 multiplexer 

Itisathree- m tWs expre ssion. But it is also possible to implement the 

js required to P a 4. , multiplexer. The above expression can be written m 

Table 4.26,.). 

Table 4 . 26 (a) Truth table of Y(A, B, Q 


A 

B 

c 

y T 

1 < 

0 

0 

0 

i T 

y=i 

0 

0 

1 

1 1 


o 

1 

0 

0 1 






II 

o 

0 

1 

1 

0 1 


1 

0 

0 

1 






y=c 

1 

0 

1 

0 


1 

1 

0 

1 






y= l 

1 

1 

1 

1 




4: l 


Y(4,B,C) 


MUXf 


IT 

Fig. 4.62 Implementation of 
Y(A, B, Q - !m(0, 1,4, 6, 7) 
using 4:1 multiplexer 


The relationship of input C and output Y for each group of two row s is S 
he last column of Table 4.26(a). It is found that the truth table can e 
terms of two variables as shown in Table 4 . 26 (b). The implementation of the g.ven 

• ,_A 
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Example 4.21 Implement a full-adder using two 4 ] 


multi Plex ers 


Solution 

A full-adder has provision to add the previous carry It h 

and C„_i) and two outputs (S„ C„). The truth table ofb.n '^ in PUIs 

Table 4.27 (a). ladder 11. 

s given.* 


Table 4.27(a) Truth table of full-adder 


r 

hip 

uts 


Outputs 


A n 

B n 

c„-, 

< 


c 


1 0 

1 0 

0 

0 

0 

1 

0 

1 

O n ~\ 

TP'"" 

0 

0 

1 0 

1 

0 

1 


0 


1 0 

1 

1 

0 

C n -l 

i 

C M 

1 1 

0 

0 

1 


0 


1 1 

0 

1 

0 

C„_, 

1 

Cm 

1 1 

1 

0 

0 


1 


1 1 

1 

1 

1 

c„-, 

1 

1 


K cc 


The relationship of input C n _ { and outputs S n and C n for each group of two rows 
is given in the last column of Table 
4.27(a). It is found that the truth table can 
be written in terms of two variables as 
shown in Table 4.27(b). The implementa¬ 
tion of the given expression using two 4:1 c 
multiplexers is shown in Fig. 4.63. 


~n -1 


Table 4.27(b) Truth table of full-adder 
using two variables 


A„ 

B n 

S. 

Cn 1 

0 

0 

C n -l 

0 

0 

1 

C„_, 

Cn-l 

1 

0 

c„_, 

Cn-l 

I 

1 

Cn-l 1 

1 


P 


0 

1 4:1 

2 MUX 


E <S| S 0 


0 

1 4:1 

2 MUX 

3 

E 


Fig. 4.63 Implementation 


of full 1 


adder using 4:1 multiplexer 



of full-subtractor is given in Table 4.28. 
Table 4 . 28 (a) Truth table of subtractor 



































































































■ ■—.- ..using two 8:| m , 

OR gate. Here, the 8:1 multiplexers are connected in w lple *et, 

neSTh «e„ ab ^», 

S 


of multiplexer is used as the select input A. 



Fig. 4.65(a) 16:1 multiplexer using 8:1 multiplexer and OR gate 


When 4 = 0, Mux-1 is enabled and Mux-2 is disabled. The output of OR 
gate is one of the inputs of Mux-1 according to the code at the select inputs 

When 4^ = 'l Mux-1 is disabled and Mux-2 is enabled. The output of OR 
gatTls one of the inputs of Mux-2 according to thecodeat thesekaup* 

Z?, C, and D. 

four 4:1 multiplexers are connect „tni,t of multiplexers are 

nultiplexers are connected to ground. T e P plexers areu ' 

;onnected to 4:1 multiplexer; the select inputs of this muluple* 

is the select inputs 4 and B. 





4.13 d emultiplexer _ 

The demultiplexer is a combinational logic circuit having a single input and many 
outputs It performs the reverse operation of a multiplexer. It accepts a single inpu 
and sends it to one of the output lines, according to the selectinputs. For an 
demultiplexer, the number of select lines is m, where n =2 . The block diagram 

an ii-output demultiplexer is shown in Fig. 4.66. 

When binary inputs are applied at the select input lines and input lines are 
connected to logic 1 level, then the demultiplexer works as a binary-to-decima 
converter. 

Let us consider a 1:4 demultiplexer as an example. For a 4-output demultiplexer, 
the number of select inputs is 2(2‘ = 4). The truth table of 1.4 demultip 
given in Table 4.29. 
























































n select inputs 


Fig. 4.66 Block diagram of n-output demultiplexer 
Table 4.29 Truth table of 1 :4 demultiplexer 


Select 

inputs 


Outputs 

S/ 

So 

Yo 

Yj 

Y 2 

— 

0 

0 

1 

0 

0 

—^3^ 

0 

1 

0 

1 

0 

o' 

1 

0 

0 

0 

1 

0 

1 

1 

0 

0 

0 

0 

1 


The expression for the output can be written as 


y 0 = S l S 0 Yi = S l S 0 Y 2 = SiS 0 Y 3 = S t So 

The logic diagram of 1:4 demultiplexer using gates is shown in Fig. 4 57 
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Fig. 4.67 Logic diagram of 1:4 demultiplexer using gates 


4.13.1 Demultiplexer Tree 

The 1:4.1:8, and 1:16 demultiplexers are available in the form of ICs as given in 
T The largest available ICs of demultiplexers are 1:16. Therefore, to 

a demultiplexer with more than 16 outputs, there should be provision fore p ^ 

The demultiplexer has an enable (strobe) input which helps in its cxpansi 



Fig. 4.68 1:8 demultiplexer using 1 A demultiplex 


Table 4.31 Truth table of 1:8 demultiplexer using two 1 A demultiplexers 
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Example 4.24 Design a 1:16 demultiplexer using 

(a) 1:8 demultiplexer 

(b) 1:4 demultiplexer 

Solution 

(a) The 1 :8 demultiplexer is also known as a 3-to-8-line decoder it k 
select inputs and eight outputs. To design a 1:16 demultiplexer tw^V^ 
1 :8 demultiplexer are required. The logic diagram of 1:16 demultini 
shown in Fig. 4.69 (a). The bubble on the output lines indicates that the 
are active low. ^ 
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Fig. 4.69(a) Logic diagram of 1:16 demultiplexer using 1:8 demultiplexer 

(b) The 4-to-16-line decoder can be designed using 2-to-4-line decoders as shown 
in Fig. 4.69(b). 



4 69(b) Logic diagram of 1:16 demultiplexer using 1:4 demultiplexer 

Example 4.25 Implement the following functions using 3-to-8-line decoder. 

P Y 0 (A. B,Q = £m(0, 1 , 2, 4) 
r,(A, B, 0 = Xm(l,3, 5,7) 
y 2 (A, B,C) = Zm( 4, 5, 6, 7) 

Solution 

Given Boolean functions are 

y 0 (A, £, Q = Xm(0, 1, 2, 4) 

Y { (A , B, C) = Im(l,3,5,7) 
y 2 (A, B, Q = Xm(4, 5, 6,7) 

This multi-output combinational circuit can be implemented using 3-to-8-line 
decoder. The expressions of Y$, Y\, and Y 2 are in the form of minterms. The OR 
gates are used at the outputs to OR the defined minterms as shown in Fig. 4.70 (a). 

The above circuit diagram is correct under the condition that the outputs of the 
decoder are active high. But usually, decoder outputs are active low, therefore t e 
outputs are inverted and given to the OR gate. Wehave seen that inverted input 
gates are replaced by NAND gates. Figure 4.70(b) shows the logic diagram to 
implement the functions defined by the previous expression with NAND ^ate; 








































































































,i*r h« three inputs and two outputs. The truth table of full-adder is 
oiveiun Table 4.32. When the inputs are 001,010,100,111, then S„ = 1; and when 
die Inputs are 011.101,1 10 , and 111, thenC„ = 1. Therefore the expressions for 5, 

and C„ can be written as 

S„(A n ,B„,C„.,)= ^2,4,7) 

C„(A,„ B,„ C„_,) = Im(3, 5, 6, 7) 


Table 4.32 Truth table of full-adder 


Inputs 

Outputs 

A„ 


Cn-l 

Sn 

C n 

0 

0 

0 

0 

0 

0 

0 

1 

1 

0 

0 
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0 

0 
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1 

0 

1 

I 

0 

0 
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1 
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Fig- 4.71 Full-adder using decoder 
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• „ ?-bit comparator using suitable decoder. 
, a 26 Design a t ^ 



The expression for output can be written as 

A > B(A 0 , A 0 , B\, B 0 ) = Lm(4, 8,9,12,13,14) 
A = B(A|, A 0 , B,, B 0 ) = Xm(0, 5, 10, 15) 

A < B{A h A 0 , B h B 0 ) = Xm(l, 2,3,6,7,11) 








































































4.14 CO DE CONVE R TERS _ 

Code is the symbolic representation of information in a particular format. The 
information may include numbers, alphabets, and symbols, which men and machine 
can recognize. The basic property of machine code is its binary nature. The binary 
representations of hexadecimal, octal, decimal are known as hexadecimal code, 
octal code, and decimal code, respectively. The codes are used to store and transmit 
the data efficiently. There is a wide variety of binary codes used in digital systems. 
Examples of binary codes are: 

1. Binary Coded Decimal (BCD) 

2. Excess-3 code 

3. Gray code 

In most of the applications, it is necessary to convert the code from one form to 
another. This section explains the various code converters and their design. 

4.14.1 Binary-to-BCD Converter 

BCD is a 4-bit binary representation of decimal number. The 4-bit binary code is 
converted into 5-bit BCD. The truth table of binary-to-BCD converter is given in 
Table 4.34. 
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The logic diagram of binary-to-BCD code converter is shown 
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Fig. 4.73 Logic diagram of binary-to-BCD code converter 


1C 74185 

It is a 6-bit binary-to-BCD converter. The block diagram of binary-to-BCD 
converter is shown in Fig. 4.74. 
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Fig. 4.74 Binary to BCD converter (1C 74185A) 















































































The K-map for binary A, B, C , D, and £ with BCD inputs B A , fl 3 , B 2 ,B l ,andB ( 
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Fig. 4.75 5-bit BCD to 5-bit binary converter 

4.14.3 BCD to Excess-3 Converter 

Excess-3 code is a modified BCD code. It is obtained by adding 3 to each BCD 
code as explained in Chapter 2. For example, the BCD code of 4 is 0100 and the 
excess-3 code of 4 is 0111. The truth table of 4-bit BCDs and their equivalent excess- 
3 codes are given in Table 4.37. 
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The logic diagram 


E X = B X B 0 * 

of BCD to excess-3 code converter is shown in Fig. 4.76. 
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The logic diagram of excess-3 to BCD code converter is shown in F g 
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The logic diagram of binary-to-gray code converter is shown in Fig. 4.78. 



4.14.6 Gray-toBinary Code Converter 

The truth table of gray code and its equivalent binary code converter is gi ve 
Table 4.40. 
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The logic diagram of gray-to-binary code converter is shown in Fig. 4 ?9 
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Fig. 4.79 Gray-to-binary code converter 


4.14.7 BCD TO SEVEN-SEGMENT CODE CONVETER 

In most of the applications, seven segments are used to display the result. The binary 
code of a decimal digit cannot display directly over the seven segments. There isa 
need to convert the binary representation of decimal digit (BCD) into seven segment 
code. The seven segment display includes the eight segments, which are re erre 
as a , b , c, d , e,f, g, and h. The segment will be ON or OFF according to t e in P^ 
data. The seven segments are of two types: (i) common anode and (ii) commo 
cathode. 


Common anode 

In a common anode type seven segment, the anode of light emitting ^ 
(segment) are connected together to Fee. The segment is ON when the mp 
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Common cathode 

In a common cathode type seven segment, the cathode of light emitting diodes 
(segment) are connected together to ground. The segment is ON when the input is 
1 and it is OFF when the input is 0. BCD codes and their equivalent seven-segment 
code for common cathode type is given in Table 4.42 


Table 4.42 BCD and its equivalent seven-segment code for common cathode 
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The logic diagram of BCD to seven-se 
type is shown in Fig. 4.81. 
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4.14.8 BCD to Seven-Segment Display Decoder 

Seven-segment display is widely used in digital systems. For displaying data u. g 
this device, the data has to be converted from BCD to seven-segment co e. 


4.14.9 Basic connection For Driving Seven-Segment Displays 

Figures 4.82 and 4.83 show the basic connections for driving a common anod ^ 
cathode display. In these figures, the resistors are used to limit the current. 
Fig. 4.82, resistors are used to limit the sink current, whereas in Fig. 4.83, resis o 
are used to limit the source current of the driver. 
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4.14.10 ICs of Seven-Segment Driver/Decoder 

1C7446A, 1C 7447A, and 1C 74LS47 are the ICs of seven-segment driver/decoder. 
They accept 4-bit BCD input data and provide open collector outputs to drive the 
individual segments directly. Each segment has 40 mA maximum sink current 
capacity. These ICs are suitable to drive common anode seven-segment display^ 
Figure 4.84 shows the functional diagram of 1C 7446A, 1C 7447A, and 1C 


74LS47. 

In Fig. 4.84, A 0 to A 3 are the BCD inputs and a to g are the active low outputs 
of seven-segments. LT is the active low lamp test input; it is pr ovide d to test w hether 
all segments are working or not. When LT is held low wi th RBO op en or a * 
high, the IC drives all the display terminals ON. When the B1 / RBO is pulled lo 

all the outputs are blanked. B1 / RBO along with RBI can be used to provide ripple 

blanking. 
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Fig.4-84 Functional diagram of 1C 7446A, 1C 7447A, and lc 74 LS4? 
Figure 4.85 shows the circuit for driving a single seven-segment di Sp i ay ^ 



The resistor/? is used to limit the current. The value of resistors can be calculatedas 
Vrr - drop across LED - / x /? = 0 

The drop across the LED segment is approximately 1.5 V and the current/is 
within the range of 5 to 30 mA. Let us assume current / _ 20 mA. 

5 _ 1.5 V - 20 x 10‘ 3 x R = 0 


5-1.5 
20 x 10' 1 


116.67 Q 


It displays a single digit at a time. But in most of the 
o display more than one digit. Different techniques are used to drive mult, g 


displays, such as: 

(a) Cascaded non-multiplexed displays, 

(b) Ripple blanking in multidigit displays, and 


(c) Multiplexed displays. 


Cascaded non-multiplexed displays ^ 

To display more than one digit, more than one seven-segment displays ai e r ^ 
Each display has separate decoder IC, as shown in Fig. 4.84. The con ro 
used to drive the decimal point. 




Fig. 4.87 Display four bits with leading zero blanking 















































































































Fig. 4.88 Four-digit multiplexer display system 


Here, only one display is enabled at a time. But because of high speed, the display 
would appear to be continuous to the human eyes and overall, the current 
requirement is equal to that of the single seven-segment display (140 mA). 


4.15 PIN DIAGRAMS OF ICs 


(1) 74182 (Look Ahead Cany Generators) 



(2) 74LS283 4-bit Adder 


a 4 \T 



s 2 \~r 


u 

A 3 3 


X 

B 3 4 


X| 

v cc 5 

IC 74LS283 

12 

S 2 6 


11 

B 1 7 


10 

A 2 8 


9 



J(A > B)\j_ 
A>B[T 
A =b[± 

a<b\~T 

GNDpT 


IC 7485 


-UK 
Hk 
ilk 
Oak 
XI s o 


(6) Multiplexer ICs: 

(a) 74150 (16: 1 multiplexer): 



SUMMARY 

• The logic circuit that adds two 1-bit numbers is called a half-adder. 

• The logic circuit that adds three 1-bit numbers is called a full-adder. 

• Parallel adder has a larger propagation delay and hence, low speed of operation. 
This limitation of parallel adder is overcome in look-ahead carry adder. 

' IC 74LS83: It is a 4-bit binary parallel adder. It contains four full-adders and a 
look-ahead carry generator. 

' The subtraction of B from A is equivalent to the addition of the l’s complement 
°^to A, i.e. A - B = A + l’s complement of B. 

h 1 s complement subtraction, if carry is 1, then the result is positive, and the 
correct result is obtained by adding the end-around carry. If the carry is 0, then 
foe result is negative and it is in Vs complement form. 








































































































and the carry - 
a " -t form. 


s >n v 


complemen* tor- digil can be obtained by subtracting , hc .. 

The 9' s ^ ob «ined by adding (10),o ■" binary to the l' s comp^o, 


or it can 


also be 


°hi9 


nU " ,bCr ' r . to the 9’s complement of the digit gives the 10' s c " 

. Addition °f mei H 0 f a 

digit- f j (y generator: (i) even parity generator and <ii\ 

There am tw°Wj y ^ are tw0 types of parity checkers: (i) even p aru '* d l> 
generator- ' chec ker. Che< *cr 

KEY TERMS AND DEFINITIONS 

JA The logic circuit that performs the addition of two 1 - bit „ ' 

Ha ' f ' h If-adder. It has two 1-bit inputs and two outputs, v, z . sum and ** 


, a , ba if- a dder. It has two . — r —• carry. 

_ tnr It is a combinational logic circuit, which performs the su blracli 
Half ' SU , bh numbers, I. has the provision to consider the borrow, which could h " 

* It is a combinational logic c.rcu.t, wh.ch performs the addition of , Wo 
B B CD Stand produces the sum in BCD form. BCD addition can be performs 

using binary addition. .... 

arithmetic logic unit (ALU) It is a widely used combma,tonal circuit. which is 
Capable of performing arithmetic as well as logtcal operates. Thts ,s the hear, 0 f 
any microprocessor and microcontroller. 

Comparator The comparator is a combinational logic circuit. It compares the 
magnitude of two n-bit numbers and provides the relative result as the output. 

Parity generator Parity bit is an extra bit included with binary information to 
detect the errors during transmission of binary information. In digital communication, 
an extra bit is added in binary message such that the total number of Is in the message 
can be either odd or even according to the type of parity used. The parity generator 
is a combinational logic circuit that generates the parity bit(s). 

Even parity generator It is a combinational logic circuit that generates the parity 
bit such that the number of Is in the message becomes even. The parity generator 
checks the input’s binary information and generates the parity bit 0/1 such that after 
the addition of parity bit, the total number of Is in the message becomes even. 

Odd parity generator It is a combinational logic circuit that generates the parity 
bit such that number of Is in the message becomes odd. The parity generator checks 
the input's binary information and generates the parity bit 0/1 such that after the 
ition of parity bit, the total number of Is in the message becomes odd. 

che ; k y th r: ker Ibe rece ' v i n g end, a combinational logical circuit is used to 
included in the m° the received information. It determines whether the error'> 
to check the Dariiv^f^tt, ° f n0t .' tom binational logic circuit used at the receive 
y e received information is known as the parity checker. 


ih £ " «e ssa * It is a combinational ,u S n.<u wwu, u nas n-ott inputs message 

,ii |hC .. v che cker oUtput . The circuit checks the parity of inputs and provides 
(K ld P ,,r ' iy error as •" rfty checker, if the parity of input message is odd, then 
„„d a p . 0/1 • F ° r an > it is 1 • When the output is 1, it shows there is an error in the 

"%tP ut .% otherwise 

W utP UtlSU 

* c ° ag e. combinational logic circuit having multiple inputs and a single 

. xC r 11 is a . C . one input at a time and send it to the output line. For an 
^fselectors^ .^select inputs are required, where n = 2 m . 

*5t ^ corn5 inational logic circuit having a single input and many 

* A M t ip|exer u lS reverse operation of a multiplexer. It accepts a single input 
pe,llU s . It perf° rrTlS f . oU tput lines, according to the select inputs. For an n-output 
it to one o lines is where n _ 


the output lines, ^ 

JV it >o ° ne number of select lines is m, where n = 2". 

;>ip ,exer - de Converter Excess-3 code is a modified BCD code. It is 
E * cesS 'd by to each BCD C ° de ' 

obtain 6 ^ W 


EXERCISE 


the block diagram of IC74181 and explain the function of all the 

i Design^ntTimplement a 2-bit comparator using suitable gates. 
i write short notes on: 

(i) BCD addition (it) Priority encoder 

4 Design a full-subtractor circuit using AND-OR-1NVERTER logic. 

5 Briefly describe the following: (i) parallel adder and (ii) serial adder 

6. Implement the following. 

(i) 4-bit prime number detector using 8:1 multiplexers 

(ii) 2-bit comparator with 4:16 line decoder IC (Generate only EQUALITY 
output) 

7. Implement a 16:1 multiplexer using 4:1 multiplexer ICs. 

8. Assume that 1011 input data pattern is loaded into a 4-bit ring counter. Sketch 
the resulting flip-flop Q output waveforms (Assume positive edge triggering). 


9. Write short notes on: 

(i) Static bi-polar RAM cell 

(ii) Look-ahead carry generator 

10. Write short notes on: (i) 4-bit binary adder, (ii) 4-bit 
binary subtractor. 

11. Design a combinational circuit for an 8-segment 
common cathode display as shown in Fig. 4.89. It has 
4-bit binary input and eight outputs as X| to Xg. It 


*3 Xo 


Fig. 4.89 Display 










14 . ImP^ en,th _ e J“ 2 , 4,5,7,10,14) 

^' B ‘ ^ full-adder using 74138 IC 

15 . Design a tun ^ ^ 2 _ bjt magnitude comparator. 

16 Write a sh °* gener alor for a 4-bit message code. 

17. Design an o ( has four input s and one output. The out Pul , 

1 8 A comb.nat.ona are equal t0 |. (ii) none of the inputs are 1 eqUal '» 

Ijhem (.) all inpu(s are equaI to 1. e qual , o • 

<8) rrl'^implif-ed output function in sum of products f orm . 

(W 7A the simplified output function in product of sums f orm . 

£ ' the logic diagram for sum of products equation in (b). 

( the following functions with an 8:1 MUX: 

ai,,...““ e3:i “’ 


Parf-ll 

I Design a 2-bit comparator using logic gates. 

o' Design a combinational logic circuit with four input variables that will produce 
~ logic 1 output when the number of Os in input ,s even. 

, Design a combinational logic circuit with three input variables that win 
produce logic 1 output when more than one input variables are logic 1. 

4. Define half-adder and full-adder. 

5. Design a half-adder using NAND gates only. 

6. Design a full-adder using NAND gates only. 

7. Define half-subtractor and design it using NAND gates only. 

8. Define full-subtractor and design it using NAND gates only. 

9. Draw and explain the block diagram of an n-bit parallel adder and explain its 
limitations. 

10. Draw and explain the carry look-ahead adder. 

11. Draw the logic diagram of a 4-bit subtractor using 7483. 

12. Draw the logic diagram of a 4-bit ALU. 

13. Design the 4-bit BCD adder using 7483. 

14. Design the 4-bit adder using 74181. Show the working for the following cases. 

(a) 4 = 6,B = 3 (b) A = 9, B = 8 

15. Design a 9-bit odd parity checker using 74180 and suitable gates. 

16. Design a 9-bit even parity generator using 74180. 

17. Design a 10-bit even parity generator using 74180. 


peS ig" an following expression using a single 8:1 multiplexer: 
^^"^^(0,1. 2, 5. 7, 8. 9, 14,15) 

f(A 8 ' ' , -a., -. 


■= - - 

Y(A- B ' fu il-adder using two 4:1 multiplexers. 

„.lfliP lement a full-subtractor using two 4:1 multiplexers. 
j3.imP |emen ! 6 a .j MUX using: 

>* na ‘ ux and OR gate (b) 8:1 and 2:1 MUX 

(a) 3:1 following functions using 3-to-8-line decoder: 
25 .imp' cmen, ' e c) = j >n (0, 1,5,6) (b) y 1 (A,B,C) = Zm(0,4,5,7) 

(a J Y y^B. 0 = 2»(2,3,4,6) 

(c) 2 Vd r 0 Excess-3 code converter using truth table, K-maps, and logic 

2 6. Design a B 

* *e following code converters: 

27- DeS B „ rD (b 

(4 ) Binary to BCU 
( C ) Binary to Excess-3 
(e) BCD to Excess-3 

( g ) Binary to gray 


(b) BCD to binary 
(d) Excess-3 to binary 
(f) Excess-3 to BCD 
(h) Gray to binary 


Multiple-Choice Questions 

a half-adder having two inputs A and B and two outputs (S and C are the sum 
1 and carry output bits, respectively), the Boolean expression for S and C in terms 

of 4 and B is. 

(a) S=AB + AB,C = AB (b) S = AB + AB, C = A + B 

(c) 5= AB + AB, C = A+B (c) S=A+AB,C=A+B 

2. For a binary half-subtractor having two inputs A and B, the correct set of logic 

expressions for the outputs D(= A minus B) and X(= borrow) are. 

(a) D = AB+AB,X=AB (b) D= AB+AB,X=AB 

(c) D- AB + AB,X= AB (d) D = AB+AB,X = AB 

3. The logical expression Y = A + AB is equivalent to. 

(a) Y = AB (b) T=AB 

(c) Y=A + B (d) Y = A + B 

4. The minimum number of NAND gates required to implement A + AB + ABC 

is equal to. 







• A 4 . 


bit 


(0 >' ses feW . in ,p|emenied with half-adders and OR g ates 

7 . A fuH-a dder ‘■f", a ny initial carry requires. 

full-adder 4 0 R gates (b) 8 half-adders and 3 OR p 

(a) 8 half-edder- ^ qr ga(es (d) 7 ha if. adders and 4 * 8at « 

(C) 7 ha 'riolal circuit is one in which the output depends on ^ 

8 . A combina , jon at that time 

ta> Tprevious output and input combination 

(b) the P ■ inm.t and input combination at that time 

. '■ • 

(a) digital counter (d) muIti piexer 

(c) demuUip'exer ^ ^ due , 0 ambiguity in reading Qf & 

10. The code used to 

encoder is. ( b ) excess-3 code 

(a) octal code (rf) BCD code 

/l^Cntde, the decimal number 125 is written as. 

11. In 8421 BCD (b) 000100100101 

1111101 (d) none of these 

12 X, four Boolean variables, how many Boolean expressions can be 
' (a) 16 (b) 256 


Par 


bin 


iary 


(a) 16 
(c) 1024 


: formed? 


(d) 64 K 


Answers 



^r uirNTiAL Logic Circuits 


1 Chapter Outline 

„ n as 1-bit memory cell 

‘ Flip ' ° P , tones of fHp- ,l0 P s 

•b uggering used in flip-flops 
,TyP ? S „«ons of flip-floP as shift register 
• APP lC ali0 ns of shift register 
• APP ' nous and synchronous counter 

• AsV nchr0 f f)j fl0 p as sequence generator and detector 

incept of sequence generator 
! Study of synchronous circu.t 
yoore and Mealy logic 

• Analysis of clocked sequential circuit 

.Design of clocked sequential circuit 

. study of state diagram and state table 

. ♦QF'hninnp and state assion 


gjMNTR O DUCT ION _ 

In the previous chapter, we have studied the basic concepts of combinational logic 

circuit and its design. Let us now learn another important digital system known as 
the sequential circuit. In a sequential circuit, the output is dependent upon the present 
inputs as well as the past inputs and outputs. The sequential circuits include the 
memory elements, which store the past inputs and outputs. The flip-flop is a 1-bit 
memory cell; it stores the 1 -bit logical data (logic 0 or logic 1). The data available 
in memory can be used for further operation. This chapter includes the study of 
different types of flip-flops, such as 

1. S-R flip-flop, 

2. J-K flip-flop, 

3. Master-Slave J-K flip-flop, 

4. T flip-flop, and 
3- D flip-flop. 

















serial converter, 

, parallel' 1 , converter. 

: SenaH‘>-P arall . ring counter, and 

Ring and det ec.or. 

V sequence genera' circuit, in which the output i s af 

niial logic circuit is a a» . and outputs . , t inc)udes Jdio, 

Th£ S escnt inp uts as W . el ! fVhe Hipfop is a basic element of sequential^ 
of the P re e e the past data. circuits. Using flip-flops and comk* 

elements to store ational log ic circuit, any sequ J m ' 

circuit can be designed. The ba^ 
block diagram of a sequential \ 0 T 
circuit is shown in Fig. 5.1. glc 

The output of a combinational l 0 gj 
circuit is a function of the previo^ 
output of memory elements, which 
may be given as an input to control the 
next output of the system. In some of 
the applications, the output is afunctio, 
« rvntmif of combinational lopipr*;^.. 



circuit 


ofprese' 
is not giv< 

(a) 


iTcuit the applications, me output is atunction 

In such case, the output of combinational logic circuit 
present and past ' n P u ^ °\^ ory elements. There are two types of sequential circuits; 


r o i R|T MEMOKT^£hi -— 

5 ^ j -d._^: - (w0 states; one is logic 0 state and another 

,n digital systems, data.srepre ^ ^ data in term s of 0 or 1. This 1-bit 

is logic 1 state. A l-l»t ^ # fljp . flop . The circuit having two stable 

memory cell is commonly re memory ce „ can be obtaine d by using 

states can be used as a flip-flop ^ 1 n 

transistors. NAND gates, or NOR gates. 

5 .2.1 1-Bit Memory Cell Using Transistors 

11 M cinp transistors is shown in Fig. 5.2. 
life circuit diagram of a I -bit 0N |, e ,o small difference iff * f . of 

When He switch of l»wer supply is ON, « andita 

muisisttus. uneof the fransislors lakes and r 3 incuf- 

tTT oTv'ay 'logic 0 state and die output of r. is % 

TvSZ l at!stable. Thiscireui,does oof k.■ 

control input and the output of circuit cannot be changed. . Fi 5 3 , 

The 1-bit memory cell with an external control input circuit is s 

Operation 

1. When inputs are 5=0 and R =0, then there is no change in state. The c 
state is same as the previous state. 




2 . 

3 . 

4. 


When inouts are S = 1 and R = 0, then T, goes in saturation and T 2 goes in 
^ off The output of 7, is = 0.2 V, say logic 0 state and the output 

nf T is Vrc say logic 1 state, and the flip-flop is said to be set. 

When inputs are S = 0 and R = 1, then T 2 goes in saturation and T, goes in 
SSr. The output of T 2 is V C e sat = 0-2 V, say logic 0 state and the output 
of f is Vcc. say logic 1 state, and the flip-flop is said to be reset. 

When innnts are S= 1 and R=\, then both the transistors try to go in saturation. 


which is not possible. 

The truth table of the circuit is given in Table 5.1. 



Table 5.1 Truth table of circuit (Fig. 5.3) 






































Table 5.2 Truth table of | 0gic d 
(Fig. 5.4) 




-*—rell u sing 

^ ^ emorY 
f,g 'HAND gates 


s 

K 

Q 


0 

0 

Race 

Race^^> 

0 

1 

0 

1 

1 

0 

1 

0 

1 

1 

Same as previous 

Same as pre v ; 0(K 


Operation both the outputs of gate G, and gate G 2trytQ 

, When S = 0 and There is a race between the outputs. 

' become 1 . which * / heoutputo fG 2 is 1 andthatofG, isO(Q =0)and 

2 whenS=Oand/?= ^ 

" thememory issa.d eoutputof G 2 is 0 and that of G, is l(Q = i )and 

3 . When5=land/?=»' se( 

the memory is sat ^ ^ ^ ^ output remains unchanged. 

4 . When S = 1 " ’ da , a , ogic 0 or logic 1 can be loaded or stored 

According to inP uts 5 and ' . the data is latched into the logic circuit; hence, 

intothelogiccircuit. Wecans y known as a NAND latch. 

the logic circuit shown m Fig. 5.4 

r „H i icing NOR Gates 

5.2.3 t-bit Memory using NOR gate is shown in Fig. 5.5 (a) 

The logic diagram of a •-bit nteni ry 

and the truth table is gtven in Table 5.. 

Table 5.3 Truth table of ,0glC diagram 
(Fig. 5.5(a)) 



5.5(a) 1-bit memory cell 
using NOR gates 


Same as previous 
0 
1 

Race 


Same as previous 

1 
0 

Race_ 


Operation 

1. When S =0 and R = 0, then the output remains unchanged. 

2. When S=0 and R= 1, then the output of Gj is 0 (G = 0) and t ato 

and the memory is reset. ^ q | s q 

3. When S = 1 and R = 0, then the output of G\ is 1 (Q = 1) anc * ^ at ° 
and the memory is set. 


o-k mp-tiop 


>t^" 8howninFig ‘ 

aS > inp 

--- .... _. nr 


ill be set or reset any time by changing the inputs S and 
5>^7 S .R flip-flop . the m emory cell to set or reset in synchronous 

Tt* si Jf.he apP'-S is nol hing but a train of pulses. The clocked S-R flip- 


^tclock-Tbe 

with * 2 ^ in Fig 


5.6. 


flop 


is sn 



Fig. 5.6 Clocked S-R flip-flop 

Operation nt (CLK = 0), the outputs of both the gates G 3 and G 4 are 1 

When the clock ts a se ^ ^ QUtputs of G( and c 2 .When the clock is present 
and there is^^ of Gj and q a are the function of the inputs S and R. 

(CLK= u'' To andR = 0, then the outputs of G 3 andG 4 are 1 (R' = 1 andS' = 1), 

*■ " hen , ’ nf G and Gi are unchanged. 

I 6 -c = o and R = 1, then the output of G 3 is 1 and that of G 4 is 0 (R' = 1 and 
1 J ni the output of G, is 0 and that of G 2 is 1. The flip-flop is reset. 

When S = 1 and R = 0, then the output of G 3 is 0 and that of G 4 is UR 7 - 0 and 
3 ' 1 ), the output of G i is 1 and that of G 2 is 0. The flip-flop is set. 

4 . When S = 1 and R = 1. then the outputs of G 3 and G 4 are 0 (R -0 and S 0), 
and the outputs of G\ and G 2 try to 

become 1 , which is not possible. There Table 5.4 Truth table of S-R 
is arace and the output is undefined and flip-flop 

it is known as forbidden state. 

The truth table of S-R flip-flop with clock 
is given in Table 5.4. This state is represented 
as T in Table 5.4, where S n and R n are the 
present inputs, Q„ is the present output, and 
Qr 1+1 is the output after the clock. The clocked 
S-R flip-flop is simply referred as S-R flip-flop. 


Input 

Output 

s "~l 

Rn 

2n+I 1 

0 1 

o 1 

Qn 

0 

1 

0 

i 

0 

1 

1 i 

1 

7 




































i.e. ouijwi * , .. fixed, u ni ay - ,7 —^ ^ use 

thc flip-flop should be ia| output. Preset and clear are , he JJSa 

inputs to set or rese ' ^ (he initia i conditron of the flip-flop. dll| on a| 

asynchronous."!«»“ S . R flip-flop with preset and clear inputs i s shou , 
The logic U* d £ ,a w Hin 



present, the T * 16 preset 

these mp * 8 « and at the same instant, the output of the flip-flop is 

Sgedlt "."dependent of the clock tnput, and hence these mputs are known as 

asynchronous inputs output of G, is 1 and thatofGjisO, 

1 k 
, When nreset = I and clear = 0, then the output of G 2 is 1 which makes the 

output of G | isO (i.e. 0 = 0), which is independent of inputs 5 and R. and,he 

3 WhenpreseT^I and clear = 1. then outputs of G, and G 2 depend on other 
inputs For normal operation, preset and clear are connected to logtc 1. 

4 When preset = 0 and clear = 0, then outputs of G, and C 2 try to become 1. 
Here"the uncertain state occurs and hence, preset =0 and clear =0 is not used. 

The symbol of S-R flip-flop with preset and clear inputs is shown in Fig. 5.8 
and the truth table is given in Table 5.5. 

Table 5.5 Truth table of S-R flip-flop with 
preset and clear inputs 


Input 

Output 

S„ 


Pr 

Cr 

Qn+l 

X 

X 

0 

1 

1 

X 

X 

1 

0 

0 

0 

0 

1 

1 

Qn 

0 

1 

1 

1 

0 

1 

0 

1 

1 


1 

1 

1 

1 

? 



Fig. 5.8 Symbol of S-R fl«P^ ,op 
with preset and clear inputs 



Th e outputs of the flip-flop are connected to the inputs. 


Operation (CLK = 0 ), the outputs of G, and C 4 are 1 and there is no 

When the clock's* when the dock is pre sent (CLK = 1), the outputs 

0 3 ,u 1 - n and K = o, then the outputs of G 3 and G 4 are 1, independent of 
1- When • /^ = i an d5 , = l,andtheoutputsof G t and G 2 are unchanged. 

When JT- 0 and K = 1, then the output of G 3 is 1 and that of G 4 is 0, i.e. R = 1 
^ and =0. and the output (2=0 and§ = 1 , and the flip-flop is said to be reset. 
- when j - i and K = 0, then the output of G 3 is 0 and that of G 4 is 1, i.e. 


4 . When J = 1 and K = 1, then the outputs of G, and G 4 are the functions of 
other inputs. 

(i) When Q = 0 and Q = 1, then the output of = 0 and that of G 4 =1, i.e. 

R' = 0 and S' = 1, and the output Q -1 and Q =0. 

(ii) When<2=l and Q =0, then the output of G 3 =l_and that of G 4 - ,t e. 

R' = 1 and S' = 0. Hence the output Q = 0and Q ='• 

In short, when J= 1 and K = 1, the present output isThe complement of previous 
output. The operation summary of J-K flip flop is given in Table 


































0 

0 

1 

0 

1 

1 


0 

1 

X 

X 

0 

1 


Un 

1 

0 

X 

X 

1 

0 


1 

1 

0 

1 

1 

0 


0 

1 

0 

1 

1 
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1 1 IJ———- -L- 

-- ^fUp^oP is ShOWn in TablC 5 ‘ 7 and the Symbo11 

Xhe truth table of J 

F ' S y's 7 

Table -- Output 


l 

o 

i 

0 

0 

1 




Fig. 5.10 The symbol 0 f 
J-K flip-flop 


1 able d-o 

" ' Ini 

Pr 

lUt - 

Cr 

Output 

Qn 

0 

0 

1 

1 

0 

1 

0 

1 

Not used 

Set 

Reset 

Normal operation 


4 1 Race-around Condition _ 

„™,l„,bl«.rJ.Knip-flop shows ,h»l.l*n4> I andK,= 

wi is for 4= I and/f„= I - the J-K nip-flop ^s ts as ■ flip-fbop 

put J„ = 1 and K n = 1 and output Q =0; after the propagation delay ^ jn 

: is twice the delay of NAND gate), the output will change to anc j a ft e rthe 
l-K flip-flop, output is connected to inputs, this output acts as inp • , and at 

jxtdelayA/, the output will change from 1 toO. This process lscon j s known 
e end of the applied clock pulse, the output is uncertain. This situatioi ^ ^ 

■ the race-around condition, as shown in Fig. 5.11 where T is the dui ation 


, | n is a major problem in J-K flip-flop. It is not a problem 
11 he input does not change during the clock. But in case of 
ffcc^flop wheie \ t he feedback, the input changes during the clock pulse, 
or the ^nop- becaUS r C ° t nut can be avoided, if the delay of the flip-flop is increased. 
^ flip4 ' c ertai nty0f °^J) mUSt be greater than the duration of clock pulse (T) or 
1H* U fiip-flop ( ; , ^ (T\ gets reduced and it becomes less than the 


ofth e 


pgp; - . n ofth ea PP 

mp-fr/t'of t he flip-flop is not a good solution. By increasing the 

.JoVO* — the delay . _1 I,.:^ n 1or. ^;rr«/MiU rrv ra^noa tKa daloi; nf 


ilied c 


lock pulse (T) gets reduced and it becomes less than the 


deW 


lay cfe ase the oei y js decrea sed. It is also difficult to reduce the delay of 
T °diesp eedofthe d the delay of flip-flop because the propagation delay of 
deW’ | ie( ) pulse beyon most practical solution to avoid the problem of 

lhe ‘nL is in na "° Se !; 0 i s to use the J-K flip-flop in Master-and-Slave mode. 

^ round eont" tlon,S 

^ Master-stave J-K Flip-Flop 

5,4.2 Ma __ j K pip.flop using S-R flip-flop is shown in Fig. 5.12. 


e Master 


-Slave J 



S m 

Q m - 

CLK 


R m 

Qm 



CLK 


Qs 


Fig. 5.12 Master-Slave )-K flip-flop using S-R flip-flop 

The output of second S-R flip-flop is given to the input of the first S-R flip-flop 
am™ - J O and R =K n Q n . The clock is directly applied to the 

r'« -n» at *e —* « 7Z 

CLK = 1. the first flip-flop is enabled and the second Jbp-fljjP *itgabled. T 
output of first flip-flop changes as per the truth table of S-R flip-flop. 

Operation of first flip-flop 


in 

K„ 

Sm„ 

R m T 

@ m n +1 \ 

0 

0 

0 

-‘ 

0 

Qn 

0 1 

0 

1 

0 

Qn 

1 

0 

Qn 

0 

1 

1 

1 

Qn 

Qn 

Qn 



























































The output of fi«‘J P J (he input as given in Table 5.10. 

second flip- fl °P f0 

Table 5.10 Operation of second flip-flop 

sT~ 


---- — 

-rTT^pu, of first flip-flop changes as per the truth table of 

, . the positive cycle and it is given to the output of second nl 2* 

flop dur ' ng j ve cyc ie. Hence, the first flip-flop is known as Master 
Jcond fknown as Slave. The logic diagram of Master-Slave J- K flip.^ 
shown in Fig. 5.13- 



the truth table is given in Table 5.11. 

Table 5.11 Truth table of master-slave J-K flip-flop j 


Input 

Output 

Jn 

K n 

Qn+l 

0 

0 

Qn 

0 

1 

0 

1 

0 

1 

y 

1 

1 

a 


Pr 

J Q 

J-K 

CLK Fijp-flop 

* Q 

Cr 


Fig. 5.14 Symbol of Master- 

Slave J-K flip-f'oP 



5.6 I-- 

-TTT^asinale input, the output of T flip-flop is same to the previous 

The P n?olement oft he previous output. The truth table of 1 -K flip-flop shows 
output or comp under the condition j„ = K n . Hence, aT flip-flop is 

flip-flop using J-K flip-flop is shown in Fig. 5.17. 












































































Input T 


0 


Output Q„ 


Qn 

a 


E.TRlCGER§DFLIPfLgP --- 

^^^TlTassumed that the output of flip-flop changes^''''' 
In theprevious dtscu^ oftriggen ng of the flip-flop is known as level- Wg ^ 
clock is present. Suc f ' P licatio ns, it is requ.red that the output of flip-f, 0 **** 
flip-flop- In s0, " h e ° c f lock changes state. The clock changes state from 0 to | or , ^ 

respond, when 

as shown in Fig 51 * 

1 


Fig. 5.19 Clock changes the state from 0 to 1 or 1 to 0 
Th change of state from 0 to 1 is known as positive edge and the change of state 
from I to 0 is known “ ^ ositiv e edge is known as positive edge- 

Hgs ' 5 ' 20 <a) ' <b) - 




I l£- 

The flip-flop that responds to the negative edge is known as negative edg 
triggered flip-flop. The symbols of negative edge-triggered J-K flip-flop’ P 
flop, and T flip-flop are shown in Figs. 5.21 (a), (b), and (c), respectively. 


(3)^’ op 


edge ' 1 


/u Negative edge-triggered (c) Negative edge-triggered 
-trigg ered D flip-flop T flip-flop 


Fig. 5.21 


. the clock pulse into positive edge and negative edge 

. that convert r 

Thecircurtsth ? ^ ^ ^ respectl vely. 

^ h ° Wn k" -K- 

c Jv __ c t 

c . 0 — n —nr— 1< , 



_n_ 


thp clock pulse into Fig. 5.23 Converts the dock pulse into 
(j. 5.22 Conve negative edge 

positive edge 

. it ads as a differentiator. When the pulse is applied as an input to 

The R ' C C ‘ I ' C , fhe D0S i t i V e going pulse and the negative going pulse with small 
theditf n r re'available at the output, as shown in Fig. 5.24. The duration of pulse is 
SSnofresistor and capacitor values. 



Fig. 5.24 Output of differentiator for pulse input 

In Fig. 5.22, the diode conducts for positive edge and a positive pulse is obtained 
at the output. In Fig. 5.23, the diode conducts for negative edge and a negative 
pulse is obtained at the output. 









































of nip-flop ICsspet '" 

.r^ manufacw^ 

T^ onde,ay(V 

2 set-up time (/^ 

3- Hoid ' UP,i ikfrequency (F-J 

4 ' MaXimUm uTactiv Pulsed 

5 . Asynchronous acti 


umrng pa r;Uj)( 


,e S 


5 . 8 .1 Propa8a,IOn ^' a Iion delay for logic families. The same def lnitioD 
We have defined the P P * eyer> therc is one exception—the output offWn 
applicable for nip-floP s H m at the input. Hence, the propagation delay J 
starts to change rcquire d to change the state after the clock hitsV 

pip-nop is the amount value of tp 1S 10 to 20 ns. 

input, as shown in Fig. 5.23- 

1 - “ 

„ o_J__ 

Input D - -- 


CLK- 


—H t p h— 


Output 0 — 

Fig. 5.25 Propagation delay of flip-flop 


8 2 Set-up Time 

. . . f . „ lhe minimum amount of time for which the input 

he set-up time is defin before the clock edge arrives, as shown in 

tust be maintained at a constan (jme . g from 5 t0 40 nS . If the set-up time of 

liable. 


Input D 


CLK 


—i ‘s 

Fig. 5.26 Set-up time 


5.8.3 Hold-up Time . 

In positive edge-triggered flip-flops, the output changes with the rising edg 
the clock (0 to 1). It does not mean that after the rising edge of clock, t e ^ 
signal can be changed immediately. The input signal should be held at least 




CLK' 


pig. 5.27 Hold-up Time 


^ rlock Frequency 

. f AaX' nlUm cV is a function of propagation delay and set-up time. 

to. can b. applied a. . CLK i»pa. for proper and 

'^ZZm***'*" 


i as 


sta' 


^oP 61 


/max 




np 


where 


, _ S et-up time of flip-flop 
; ' propagation delay time of fltp-flop 
l p __ rt fnpKt staee decoder 

trM 


= propagation of next stage decoder 


U nnn.it Active Pulse Width 

53 Asynchr synchronous inputs. These inputs are set to the 

:set and clear are a ap lying a negative pulse to one of the inputs^ 

tia, condition of ^,se^widt^h is the minimum duration of negative pulse, which 

srss—«*** 

r 6 Clock High Pulse Time and low Pulse Time 


5.9 FLIP-FLOP CONVERSIONS _ -----" 

lit p» si ble ,0 convert one flip-flop info anorher with come addrlional circnit. 
The flip-flop conversion includes the following steps. 

Step l: Write the excitation table. 

Step 2: Simplify the excitation table using K-map. 

Step 3: Draw the desired logic diagram. 











































Step 2: 


The excitation 


table is simplified using K-map. 



S,* TTie logic diagram of TfliP'fl°P us ’nS^'R flip-nopisahowninFig.S.2.. 



Excitation table tor s-k nip-iiop ro u mp-t\op conversion 



The 


excitation table is simplified using K-map. 



Stogie diagc»mofDffip-nop»aingS-Rflip-flopi S at,o*ninFig.5.». 





























































































Step 2: 


The excitation table is simplified using K-map. 


K-map for S 


v JK . 


10 


0 

0 

S 1 

l! 

ML 

0 

0 

X 


s=JQ„ 


K-map for R 


.JK 

n\ oo 

01 

11 

10 

0 

X 

X 

0 

0 

1 

0 

1 1 

lj 

0 


R = KQ n 


Step3: The logic diagram of J-K flip-flop using S-R flip-flop is shown in 
Fig. 5.30. 




59 5 D Flip-Flop to T Flip-Flop 

Step 1: The excitation table for D flip-flop to T flip-flop conversion is gtven m 
Table 5.18. 









































































































Step 3: 


The logic diagram of T flip-flop using D flip-flop is shown i n Fi 



g-5.3 2 


5.9.6 J-K Flip-Flop to T Flip-Flop 

Step 1: The excitation table for J-K flip-flop to T flip-flop conversion is given in 
Table 5.19. 


Table 5.19 Excitation table for J-K flip-flop to T flip-flop conversion 



1 Input 1 Present 

Next 

state 

Qn+l 

Flip-flop inputs 


T 

Qn 

J 

K 

J 

K 

0 

0 

0 

0 

0 

f\ 

X 

0 

1 

u 

0 

1 

1 

0 

0 

X 

0 

1 

0 

1 

0 


1 

0 

1 

X 

1 

1 

1 





0 

1 

X 

1 

L 1 1 

0 

1 

1 


l 



1 1 1 

K = T 



, lK Flip-foP toDFr,p ' F, ° P 

5.9-7 J'* K table for J-K flip-flop to D flip-flop conversion is given in 

sssr 









































































Step 3 : 


The logic diagram of D flip-flop using J-K flip-flop is shown i„ Pig $ 



Example 5. 1 Draw the output waveform of J-K flip-flop for the input shown 
in Fig. 5.35 

(i) if the flip-flop is positive edge-triggered 
(ii) if the flip-flop is negative edge-triggered 



K- 


Fig. 5.35 Waveform 


Solution 

The truth table of J-K flip-flop is given in Table 5.21. 


Table 5.21 Truth table of J-K flip-flop 


Input 

Output 

Description 

Jn 

Kn 

Qn+l 


0 

0 

Qn 

Same as previous input. 

0 

1 

0 

Flip-flop is reset. 

1 

0 

l 

Flip-flop is set. 

1 

1 

Qn 

Output is complement 
of previous output. 



Here. G, and G 2 are the NOR gates. These gates are connected such that the logic 
circuit acts as a NOR latch. Assume that the output of G 3 is R and the output of G 4 
is 5. 

From the given circuit, we can write the Boolean equations, 

R = K n Q„ and S = J„Q n 
Qn + 1 = R + Qn = & * Qn 

<2n+1 = S + Qn = S * Q„ 

where Q n is the output of the circuit before the dock and Q„+i is tke output after 
the clock. 



































































































Hence, (2n+ • " 

K/sOandJ*^ then 5 = 0 and R = &, 

irU/>n inDUlS •'ll 


For an - 


5 


(2/j+i 

0 

1 

() 

"o 

0 

0 


Hence, Qn+1 = °* __ 

/ - l and £. = then 5* = C„ and = 0. 
3 . When inputs J„ = and A " 


For an 


S-R NOR latch. 


S = Q„ 

R 

(2//+i 

0 

0 

i 

' 

0 

l 


4. 


Hence, G/i+i- 1 - __ 


ForanS-RNOR latch. 


S = 0, 

[~ft=g n 

Qn+l 

0 

1 

0 

1 

0 

1 


Hence, £„ + i = fir 

The truth table for the given logic circuit is given in Table 5.22. 


Table 5.22 Truth table for given logic circuit 


Input 

Output 

Qn+l 

j 

K 

0 

0 

Qn 

0 

1 

0 

1 

0 

1 



— 



. n u n AND gates. These gates are connected such that the logic 

S° ,a C, and6- ar '^ , atc h Assume the output of G 3 is R and G 4 is S. 

W s=,!+a 
g n+1 = S^Qn ~ S + C" 

” + „ nutout before the cioc* a.m ve„ + i -- 

--Qn- 


= _ _ 

-r ^ S • (2 b = S + fin 

fin+1 tout before the clock and Q„ + , is the output after the clock. 


s=e„ 

«=G»n 

Qn+l 

0 

i 

0 

1 

0 

1 1 


Hence, (2/i+i = __ 

2. When inputs /[ = 0 and l 2 - ^ en S-l + Q n anc * R - Qn 
For a N AND latch, 


S = 1 + fin 

R=G„ 1 

Gn+l | 

1 

0 

I 

1 

1 

i 1 


Hence, Q n+l = 1. 

3. When inputs I { = 1 and I 2 = 0, then S = Q n and R = 1 + Qn- 
For a NAND latch, 



































































Hence. Qn* i = p"'. iven logic circuit is given in Table 
The truth table for me s 


-- Inf 

jut 

Output 

h 

h 

Qn+l 

0 

0 

a, 


1 

0 

0 



1 

0 

1 

1 

1 

Qn 



rr; he excitation table to convert the D flip-Hop to S-R Hip-Hop is g j ven in 
>eP Table 5.24. 


Inputs 

Present State 

S 

R 

Qn 

0 

0 

0 

0 

0 

1 

0 

1 

0 

0 

1 

1 

1 

0 

0 

1 

0 

1 

1 

1 

I 

1 

0 

1 


Next level state 

Qn+l 


0 

1 

0 

0 

1 

1 

X 

X 


Flip-flop input 
D 


0 

1 

0 

0 

1 

1 

X 

X 


Step 2: The excitation table is simplified using K-map. 


K-map for D 


SR 

Q \ 00 01 II 10 







0 

0 

0 

r x 

i 

1 ! 

i 

1 

1 1 

0 

i 

! x 

iiT 


1 

i_ 



D = S+ RQ, 



■ the logic circuit of S-R Hip-Hop using T Hip-Hop. 

f ^ ,e5 ' 5 

$oiu tion xcitation table to convert the T flip-flop to S-R flip-flop is given in 
SI‘P I: Table 5-25. 



S te p 2: The excitation table is simplified using K-map. 

K-map for T 


o \ 0° 01 11 10 


0 

rq 

• x 


0 

! 1 

Ui 

0 


T = S Q„ + RQ n 


1 



































































— Flg ^5 j<TTR^fl'P- fl °P usin 8 T fliP-f'op 

, - , Dra w .he logic circuit of J-K flip-flop ,o S-R fli p .n 0p . 
Example 56 

Solution_ he ^ citation (able , 0 con vert the J-K flip-flop to S-R fli p . nop ^ 

S ' eP ' given in Table 5.26. 

Excitation table to convert J-K flip-flop to S-R f| ip . flop 



1 



: l 


x 1 


o; 




-flop 


j=S 

acts itself as an S-R flip-flop. 


K= R 


Step 


■pie J— it 0 f s-R flip-flop using J-K flip-flop is shown in Fig. 5.40. 

J; Thelog icC,r 



Fig. 5.40 S-R flip-flop using )-K flip-flop 
, _ Dravv the logic circuit of J-K flip-flop using T flip-flop. 

fx.«np ,e 5J 

Solution . tation ta ble to convert the J-K flip-flop to T flip-flop is given in 


Table 5 27 Excitation table to convert T flip-flop to S-R flip-flop 


Inputs 

Present State 

fin 

Next level state 

fin+l 

1 Flip-flop input 1 

l—I 

j 

K 

0 

0 

0 

0 

0 

0 

0 

1 

1 

0 

0 

1 

0 

0 

0 

0 

1 

1 

0 

1 

1 

0 

0 

1 

1 

1 

0 

1 

1 

0 

1 

1 

0 

1 

1 

1 

1 

1 

0 

1 i 1 


Step 2: The excitation table is simplified using K-map. 

K-map for T 


^JK 

q \ 00 01 11 10 


0 

0 

0 

11 

l — — — • 

is 

1 

0 

11 

i; 

0 


T = JQ„ + KQ n 
























































































5 . 4 t J-K flip-floP usin 8 T flip-flop 

, e . Draw the logic circuit of J-K flip-flop using D flip-n^ 
Examp^ 58 


tXali'r 

Solution ^ taWe t0 convert the D flip-flop to J-K flip-flop is 

Cfan /.' 1 HL c 

S,ep Table 5.28. 



Step 2: The excitation table is simplified using K-map. 


K-map for D 


p \ QO 01 11 10 

Vn 1 --- 


0 

0 

1 1 

11 



l! 

0 

0 

11 

l — — 


D = KQ n + JQ n 




Fig. 5.42 j-K flip-flop using D flip-flop 


AP pucAT!ONLOLFUMiprs- 

sj^-^^^on. we have studied all types of flip-flops and the techniques 
, n the P reV1 ° US fljp-flop to another. Now, let us discuss the applications of flip- 
convert ‘’ ne ; can be use d in (i) Bounce elimination switch, (ii) Registers, 

Hops. The flip' Random Access Memory (RAM). 

(iii ) Counted 

o1 Bounce Elimination Switch 

5 tronics, the inputs are given as logic 0 or logic 1. These inputs can be 

Indig ltal e e osc illator or by the mechanical switch. Switch bouncing is one of 
g enerate y the important problems when mechanical 

switches are interfaced to the microprocessor 
system. That is, when the switch is thrown from 
one position to another, it bounces several times 
and the system gets incorrect data. 

Consider Fig. 5.43. When the switch is 
pressed, the data given to the system is either 0 
or 1. 

When the pressure is released by the user, 
because of spring effect of switch, the input 
changes between 0 and 1, and at last becomes 1 
as shown in Fig. 5.44. This problem is impossible 
to avoid in a mechanical switch. The flip-flop is 
used to avoid the bouncing problem. The bounce 
elimination switch using a simple S-R latch is 
shown in Fig. 5.45. 



Fig. 5.43 Switching circuit 



Fig. 5.44 Debounce signal 





























































Fig. 5.45 Bounce elimination switch using simple S-R | atch 

Initially, the switch is at position A, the input is 0 and 5 is 1, the 0 
and 0 isO. When the switch is thrown from position A to position B atr is| 
a 0 es to I and 5 goes to 0: Q = 0 and Q = 1 • Because of spring action, th'"* ' ul> 
‘ b e open fora small duration, both the inputs 5 and R become 1 and 

is unchanged, as shown in Fig. 5.46. 



Let us consider at time t 2 , the switch is thrown to position A. 5 goes to 1 and It 
goes to 0. Q is 1 and Q is 0. Because of spring effect, the switch may be open. Both 

the inputs Sand /t become 1 forasmall duration and the output remains unchange 


5.10.2 Registers 

The flip-flop is a 1-bit memory cell, which stores the data in logic 1 or lo c i 

form. The IV-bit flip-flop can store A'bits of data. On the other hand, i cgisters 

r TV A 4-bit shin 

store more than I-bit data. It is composed of a group or tlip-nops. n 
register using D flip-flop is shown in Fig. 5.47. 



input is connected to ground to clear the flip-flop and then, 
the ^ reset inputs are connected to V cc . The data to be stored is given 
h n t he clearand P data will be stored with negative edge of the clock, which can 

^ read 1 

, Counters 

5.10-* - s a se q Ue ntial circuit, which counts electric pulses. It is used to 

• nie dig italcoUnte ! r u„ transducer converts the events into electric pulses, which 

events, l nc 

count mod bv the digital counter. 

can be coU . ’ mn osed of flip-flops. The logic diagram of a 3-bit digital counter 

•jbe counter's comp 

is shown inF'S-- 

? Qo ?e> 



K CC 0- 


Fig. 5.48 3 -bit digital counter 


In a counter circuit, the flip-flops work as toggle switches. The outputs of flip- 
flops change with each clock, and the output of a previous flip-flop becomes the 
dock for the next flip-flop. The n-bit counter can count 2" clock pulses. For example, 
a 4-bit counter counts 2 4 = 16 pulses from 0 to 15. The design of counters wi 
discussed in Section 5.18. 

Initially, the clear input is connected to ground to clear the flip-flop an t en, 
both the clear and preset inputs are connected to V C c- The outputs QiQ iQ o 0 1 
counter will change with the clock, as shown in Fig. 5.49. 














































































Fig. 5.49 

, n changes with the negative edge of the input clock. Since Q oand 
The output 0, chang ^ flip . flop2 respectively, the output of nip-flop. 

Qi ,be e'^tMheMgati ve edge of Qo and that of flip-flop 2 will change with the 

negative edgeoffii- 

5 10 4 Random Access Memory 

’ ■ which stores the information in terms of binary data. 

Memory is a storage u . re (he deve iopment of semiconductor devices. 

Magnetic memories were u. popular because of their small size. 

Now-days. and registers are composed of flip. 

Memories are com pi number of registers and the size of word 

flops. The si* of r%>t*ZZ£ZgisKr. Each regisrer (loc.lion) to, 
is always defined by ,hec,u«,on Mill. "here*. 

rcadopcraiions are done in a random fashion and hence. Ihe memory is 

randomaccessmemory. ^ 

The memory has Wx//basic memory elements known as cells (flip P>- 

basic memory cell is shown in Fig. 5.50. p nr write 

The decoder decodes the address and selects one of thejocatio . ■ 
operation, the data to be stored is given to the input D r RJW contro sign o 
low. The output of gate G| changes from 0 to 1, since the flip-flop is positive 
triggered: and the input data is stored. 


Waveform of 3-bit digital counter 


Fig- 5- 50 Tbe bas,c memor Y 


t ion theR/W signal goes high. The output of flip-flop is available 

at 0o- 

RECj S X ERS^NPA > jlfL R EG I lTJERS 


TTaflip-rioP is 1_bit memor y cel1 ’ whicb stores 1-bit of digital 
NVe have seen 1 * . fl ops stores more than 1-bit of digital data. N flip-flops can 
data- A & roUp f ° d - it al data. An array of flip-flops is known as register, which finds 
store A' b,ts ° n .‘ g a var jety of digital systems. 

its apP licatl ° n be entered and retrieved in serial or parallel form the serial form 
The data can ^ bit at time) and parallel from means all the bits are 
means bit-by- 1 . ieved Qn t h e basis of the way the data is entered (write) and 

''"“evTdTread). the registers are classified as, 

K i Serial In Serial Out (SISO) 

2 Ser ial In Parallel Out (SIPO) 

3 parallel In Serial Out (PISO) 

4 . Parallel In Parallel Out (P1PO) 

Registers in which the data is entered and/or retrieved in serial form are referred 




5.11.1 SISO Shift Register 

In a SISO shift register, data is entered and retrieved in serial fashion with clock. 

The logic diagram of a 4-bit SISO shift register using J-K flip-flop is shown in 

Fig. 5.51. , 

In Fig. 5.51, X, is input and Y 0 is output of the shift register. The process ot 
entering the digital data starts with the least significant bits. The data input is entered 
with the falling edge of the clock pulse. The number of clock pulses required to 
enter the data is equal to the length of digital data or the size of shift register. The 
data is read bit-by-bit at the output Y„ with dock pulse. 

Let us consider the data 0111 is applied to the input. Table 5.30 demonstrates 
how the data is entered into the shift register. The waveforms of shift register or 
“rial input are shown in Fig. 5.52. 







































5 51 4-bit SISO shift register using J-K flip-flop 
. _ in Data ( 


0111 entered in shift register 



Fig. 5.52 Waveforms of shift register for serial inpu 


Operation d Q B , respectively. A " 

Initially, the shift register is cleared. 

Q D QcQBQA = O m and input X, = 1 . j enter ed into the 

1. At thenegativeedgeof the first clock pulse, the input da 
flip-flop and at the end of first clock pulse, 

QdQcQbQa= 1000 and inputX, = l 


A> 

' ine 


th e n6 f third clock pulse, 
e nd° ftK ^ lU0 and input X i = 0 
QcQbQ* " f the fourth clock pulse, the inputs are entered and at 

V p „tiveedge° l 

4 theend Qxn 

oMcQbU ' oister « clock pulses are required to enter the data and 
hit SISO shift reg^ ^ ^ data as exp i a i n ed in Section 5.11.3. 


Dggistcr 

= 11.2 slP ° ' . aMis entered into the register in serial fashion, as in 
cipO shift'register-^he shift register in parallel fashion. In a serial output 
"Register and read [ro"t ^ ^ rgad ^ andoncethe dala is read, it 

.' register- clock P U '**. t s J ift register, clock pulse(s) is not required to read 

;h l e ost, but in P aralle ' ined after the read operation. The logic diagram of a4- 
^ a "^S' flip-flop is shown in Fig. 5,3. 
itSlP° shlftfeg _ 0 „ q b 


SISO 
serial output 



Fig. 5.53 4 -bit S1PO shift register using D flip-flop 

In the figure. X,is the serialinput and Qd.Qc-2b- and 2 a ate 'he parallel outputs 


rtf tko oViift rAoictpr 


5.11.3 PISO Shift Register 

In aPISO shift register, data is entered in parallel fashion and is read in send 
There are two types of parallel loading: 

1. Asynchronous loading, and 

2. Synchronous loading 







































































0 and unchanged for 1 

)W , flip-H 0 P is set '* - sters without Uie ciock puisc. ouen type ot parallel 

he .nputs are written . nto m ^ /W/> , g . The d ■ read from output lines y. 

,ading is known as |se once the data is read, it will be lost, 

i-by-bit by applying the stored in a shift register is 1101 and it will be 

For example, let us assum i 5 ^ l demonstra tes how the data is read from the 

ad from the output line r 0 . ^ ef for seriaJ out put are shown in Fig. 5.55. 



Fig. 5.55 Waveforms of shift register for serial out 


, 1 % 


1 

2 

3 

4 



0 



' 1-1 
tx , 

-i 


0 

‘0-J 

r°x 

1—1 

—i 


0 

^ 0 

^ 0 

r o- 

—0 


ration 

inp uts ( 


n r, c B and A are X„ Q D , Qo and Q B , respectively. All 

^*^^*X** X, *'°* >0 ' 

. flops 0P erat .. ft register stores 1101. 
initially-** * . 101 and output P 0 = 1 

^ native edge of the first clock pulse, 

1 .A 1 * 6 " 66 QUO and output V o = 0 

^flive edge of the second clock pulse, 

2 ' At n n 0A - 0011 and 0UtpUt Y ° ~ 1 
^thenegative edge of the third clock pulse, 

3 ' n 0 0 t = 0001 and output k 0 =l 

nO <2 a = 0000 and out P uty ° -0 

fjbit P1SO shift register,« clock pulses are required to read the data and 
oncetoe*data is read, it is lost. 

Synchronous J . data is entered in parallel form with clock pulse. 

^ otcTagrlm of a 4-bit PISO shift register in synchronous mode is shown in 

synchronous loading. Consider the data input is a r are 0 and 

When Shift/ Load signal is 0, the outputs of gates G,, >^ n 7 { 

OR gates are 0101, and these are the inputs to D flip-flops, 
register with the falling edge of the clock pulse. 
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C co 4-bit synchronous loading PIPO 

ig. 5.3° 

•sectional Shift Register 

5 Bl dir iis(cr (he data is shifted in either directions, left or right. 

b idire ctional S ntfouS by the control input R/ L . The 4-bit bidirectional shift 

Krister is sh ° Wn m . ^ igna i is high, the gates G ,, G 3 , G 5 , and G 7 are enabled. The 
' • vhen R/L contr °. fhe input for flip-flop B, the output of flip-flop B is the 
Z o f fli P' fl ° P r the output of flip-flop C is the input for flip-flop D, and X, R 
3tfo rfUP ;7o-flop A- Data is shifted right with the clock pulse. 
is the inP ut °_ , ■ na j j s low, the gates G 2 , G 4 , G 6 , and G 8 are enabled. The 

\Vhen Rf L D is the input of flip-flop C, the output of flip-flop C is the 
output of the output of flip-flop B is the input of flip-flop A, and X iL is 

utputof fliP'^Pfio p D . Data is shifted left with the clock pulse, 
the input of flip 

- Shift 

® left 
serial 
input 


K cc°“ 


CLK 



Fig. 5.59 4-bit bidirectional shift register 


plication of Bidirectional Shift Register ^. 2 n 

‘ bidirectional shift register is used to multiply or divide the ^ ^the 













































































































000 1 

0 001 x 2=0010 shifted left by 1 bit with X lL = 0 
000 ix2 2 = 0 1 00 shifted left by 2 bits with X iL = 0 
In this process, die most significant bit is lost. 

and we have to divide the number by 2. <0r 

1000 

1 0 00/2 =0 1 00 shifted right by 1 bit with X m = o 
1 0 0 0 / 2 2 = 0 0 1 0 shifted right by 2 bits with X iR = o 

In this process, the leas,signif.cantbi.is lost. 


>000 


5 It.6 Universal Register 

register^ shown in Fig. 5.60. It is operated in all the modes, but not as bidirectional 
and shift register. 



In Fig. 5.60, X, is serial input of shift register, 

X a , X a , x n , X i0 are four parallel inputs of shift register, 

Y 0 is serial output of shift register, and 

Y 03 , Y 02 , Y 0 ,, Y (y0 are four parallel outputs of shift register. 


5.12 APPLICATIONS OF SHIFT REGISTER _—— 

The register is a storage unit. It stores the information in terms of 0 and 1. It is a 
used for bit multiplication. 


3 - 


4. 


* n counter 

nS ° venerator and detector 

^en^ 

- , a y line 

6 al-to-Parallel Converter 

, 2.1 Sef,a tion , the receiver circuit receives the data bit-by-bit, and then 

5 ' rial c ° mn,lUn nel form. The SIPO shift register is used to convert serial data in 


,rial tU mallei form, i^ ° ^laciuuudidin 

f»* 6(ts it in P ara si(Jer the size of the word is 8 bits. The 8-bit SIPO shift register 
<le.f 0 ^ C0, l it -by-bit with clock pulse. At the end of 8th clock pulse, the 


, Para lleK^«rial Converter 

;.12^ . t he transmitter circuit gets the eight bits of data, and then 

_ r\l P /~\ A l c nc ^/1 trv J. A 


data 


r the eight output lines of the shift register. 


^ rnmunication,- - — 

lnS eria lc ° m , bit The PISO shift register is used to convert parallel data in 


serial for" 1 - 


i2 3 Ring Counter 

* shQWS t he logic diagram of a 4-bit ring counter. The SISO shift register 
Figure 5- 6 s ^ if the output Q 0 is connected to the serial input X*. 

acts as a ring c 



The output of previous flip-flop is the input for the next flip-flop and the output 
of last flip-flop is the input for the first flip-flop. Let us consider the initial state of 
a shift register is 1000. How the data is shifted in the shift register with clock pulse 
is given in Table 5.32 and the waveforms are shown in Fig. 5.62. 

The waveforms show that the initial data is circulated in the shift register and 
the initial state is obtained after the 4th clock pulse. This circuit is used to count the 
dock pulses and it is known as a ring counter. The output is available at Qi* Q i» 
an d 2o- There is no need of a decoding circuit. 
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The /V-bit ring counter counts TV clock pulses. The frequency of the pul 
Qo is the frequency of clock pulse divided by N. Hence it is also known^ S °^ ta ' ne d 
by-Ncounter. The outputs (@ 3 , Q 2 , Q\,Qo) are sequential non-overlap D j lS ^ V,c k4 
which are useful to rotate the stepper motor. n 8pulse s 



Fig. 5.62 Waveforms of ring counter for initial state of 1000 


5.12.4 Johnson Counter or Twisted Ring Counter 

When the output Q 0 is connected to the serial input X { of the SISO shift register, 
then it act as a Johnson counter. Figure 5.63 shows the logical circuit diagram of 
a 4-bit Johnson counter. 
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Fig. 5.63 4-bit Johnson counter 



Fig. 5.64 Waveforms of Johnson counter for initial state of 0000 


The frequency of the pulses obtained at Qo * s the frequency of clock pulse divided 
by IN. Hence, it is known as divided-by-2N counter or Misted counter. The 4-bit 
Johnson counter counts the eight clock pulses, i.e. the n-bit Johnson counter counts 
the 2 n clock pulses. 

Johnson counter requires the decoder circuit to decode the count. Table 5.34 
shows the counter sequence and Boolean equations for the decoder circuit. 
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The logic diagram of a 4-bit Johnson or twisted counter with decodirig^~^~r^ 
shown in Fig. 5.65. ltis 




Limitation of ring and Johnson counter 

The flip-flop has two stable states, 0 and 1. The n flip-flops are capable of counting 
2" clock pulses. But the //-bit ring counter counts only n clock pulses and the Johnson 
counter counts only 2 n clock pulses. These counters cannot make efficient use of 
flip-flops. This is the limitation of ring and Johnson counters. The ripple counter 
overcomes this limitation. 


5 . 12.5 Sequence Generator 

The logic circuit that generates a defined sequence of 0 and 1 in synchronism with 
the clock is known as sequence generator. The basic block diagram of a sequence 
generator is shown in Fig. 5.66. 

The output of combinational circuit is a function of the output of shift register. 
The output of combinational circuit is applied as input to the shift register. The 
procedure to design the sequence generator is as follows: 



Step 


S< 2 n -\ 

_ _ 2 . Prepare the truth table of Af-bit shift register 

^j^lagram of The defined sequence is listed under Q„ , 

5.6# pgenerate' and Y is the past input of AM flip-flop 

1 ^ .her one or more states are repeated in the table. If yes , it shows 
Check '■vhct afe no t sufficient to generate the sequence. Repeat step 2 
3 ' o flop When there ‘ S n ° re P etitior ' of states, then draw the 

for ^ ‘‘‘he output Y and simplify. 

K-iuaP 1 m binational logic circuit on the basis of Boolean equation Y. 

1 DfaW -der the sequence to be generated as 1101011. 

C ° n th of the sequence is S = 7 and the minimum number of flip-flops 
' Bredis N. 

5<2 w -1 
1 < 2 n - 1 
N= 3 


req^ 11 



The table shows that states 111 and 101 are repeated. It shows that N flip-flops 
are not sufficient to generate the sequence. Increase the number of flip-flops by 1, 
i.e. N+ 1 = 3 + 1 = 4, and draw the truth table. 


Table 5.36 Truth table of 4-bit shift register for the sequence 1101011 


Y 

q 3 
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Fig. 5.67 Logic diagram to generate the sequence 1101011 


5.12.6 Sequence Detector 

Sequence detectors are used in recei ver circuits to detect the correct sequence, which 
is sent by the transmitter. The shift register is used to detect the sequence. The size 



CLK 


Fig. 5.68 Sequence detector 


on ce “ a se q U ence detector is snown in Hg 5.68. 
t-^' 1 i C diaS ram f1 C |„ flop is compared with corresponding bits of the desired 
# |0? 0 utp ut 0t ,ched. then the outputs of all Ex-NOR gates are 0, the outputs 
The Jf it is IllJ o an d the clock given to the flip-flop is stopped. 

<> Dgat6S 

° M MpNLY yi ED I Cs AS SHIFT REGISTER 

SO^hiftregister 
1 1 8 -bit SIPO shift register 
8 -bit PISO shift register 
7 ! o 4 4-bit P1PO shift register 
Il , 98 g-bit PISO shift register 
S4L9I 8 -bit SIPO shift register 
54 164 8 -bit SIPO shift register 
,4,65 8 -bit PISO shift register 
54,94 4-bit P1PO shift register 
54198 8-bit PIPO shift register 


ample 5 - 9 

train. 


Design a pulse train generator using shift register for the following 

_.. 1000110 , 1000110 - 


Solution ^ of se q U ence is 5 = 7 and the minimum number of flip-flops 

^ P required is N. 

S< 2 n - 1 
7 < 2 n - 1 
N= 3 

Step 2: Table 5.37 shows that all the states are different. It is possible to design 
the seauence generator with three flip-flops. 


Table 5.37 Truth table of 3-bit shift register for the sequence 1000110 
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Fig. 5.69 Logic diagram to generate the sequence 1000110 


Example 5.10 Design a sequence detector using the shift register for th e 
following sequence: 10011. 

Solution 

The logic diagram of a sequence detector is shown in Fig. 5.70. 



CLK 


Fig. 5.70 Logic diagram of sequence detector (10011) 


, 14J^^ can be designed using T or J-K flip-flops. The flip-flops are 
ie c ° unte Hp The logic diagram of a 4-bit ripple counter using J-K flip. 


flop 



Vcc 


Fig. 5* 71 4 ' bit ri PP ,e counter usm B )-K flip-flop 


counter makes efficient use of flip-flops. The M-bit ripple counter 
Th e ripp e whic b counts 2" clock pulses. In this counter, the flip-flops are 
us es n flip' ° mu | tane0 usly, the output of previous flip-flop becomes the clock 
n0 t clocke ^ flip-flop, and hence, it is also known as asynchronous counter. 
input for t e ^ ^ ^ ^ fljp.flops are connected to logic 1. The flip-flop acts as a 

, flin-flnn ic rnmnlpmpnt tr* thp nf»crcUiv#» onino 



hen Qo changes from 1 
q larly 0 3 is complemented, when Q 2 changes from 1 to 0. The counting sequence 
ouVbit ripple counter is given in Table 5.38 and the waveforms are shown in 

Fig. 5.72. 


Table 5.38 Counting sequence of 4-bit ripple counter 


CLK 

q 3 

Qi 

Q, 

Qo | 

Count 1 

Boolean equation 1 

0 

0 

0 
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0 

0 

Qt,QiQ\Qo 1 
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Q-\Qi Q\ Q>\ 1 
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Q 3 QiQ\Q« 1 
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Q 3 QiQ\Qo 1 
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* $ \\ 0 UtP u de iay of fr om 1 to 0 after a delay of 3A t d as shown in Fig. 5.74. 

af tef a n ? change f decoder 6 and 4 for the duration of At. 

• , a y occurs at *e ° utpUt ° _ ^_ 
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Fig. 5.74 Spike at the output of decoder 

decoder’s output can be eliminated using a strobe pulse input. 
These spikes at the ^ decode r with a delay greater than or equal to n x At* 

T heStr0beS fn,mber of bits of the ripple counter. The decoding will occur only 
where n is the nu mb ^ ^ & steady ^ The frequency of the dock pulse for 

is 

vuhere N = number of flip-flops, 

t d = propagation delay of flip-flop, and 

T s = strobe pulse width. 

/ ett Find the maximum frequency of a dock pulse at which the 

fSP’ Assun " d ' la, ° f ,he m ’”' lop “ 40 nS 

the pulse width of strobe signal is 25 ns. 

Solution 

Given: N= 4, l<p 40 ns, T s = 25 ns. 

/S „ * . zr 


~ 4(40 x 10~ 9 ) + 25 x 10 -9 

<5.4 MHz 
/max =5.4 MHz 













































































of ,he next n ipf, °p£ «?&5 

previous fliP' flo j’ obtaine d by connecting the 0 output of a previ 0 J? N 
aSynCh rcl^inP“. ^ the nex.flip. OoP^e logic diagram of a 3- bit 



J-K=VcC’ and ,he f,i P' flops act as a ,oggle switch - When 
Thejn£u s ^ ^ ^ enab | e( i and the output Q of the previous 

UP/DOWN 'sog^Qck for(he nex( flip.fiop. since flip-flops are negative edge- 
2 fS Ae output of flip-flops changes from 0 to 1 or 1 to 0 with the falling 
dlof Q and the circuit acts as an UP counter. The waveforms are shown m Fig. 
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Fig. 5.76 Waveforms of UP counter 


When UP/DOWN is logic 0, the gates ‘B’ are enabled and the output Q of 
previous flip-flop acts as the clock pulse for the next flip-flop. Since flip-flops are 
negative edge-triggered, the output of flip-flops changes from 0 to 1 or 1 to 0 wit 
the falling edge of q , that is with the rising edge of Q. and the circuit acts as a 
DOWN counter. The waveforms are shown in Fig. 5.77. 



5.76. 
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Fig. 5.77 Waveforms of DOWN counter 


, <4.2 bit asynchronous counters count N = 2" clock pulses. For 

5 ' ve se en tha !‘ ”i e counter counts 2 J = 8 clock pulses and the count is 0 to 7. 
»’ e haV , e . a 3-hi' npp whlcb is less than N = 2", we need to take the hetp of a 

M clock pa )mb ,national circuit is designed such that all the flip-flops 
T° c ( ° iefm i nal - ThC C u 0 nt /v/. The block diagram of modulus M counter is shown in 


fig- 5 * 


Combinational 
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CLK 
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Fig. 5-78 Block diagram of Modulus-M counter 


tout of a combinational logic circuit must be 0 after the M clock pulse. 

Jet resets the flip-flops. The procedure to design a Modulus-M asynchronous 

counter is as follows: 

I Find the minimum number of flip-flops required. 

For a Modulus-M counter, the minimum number of flip-flops required is 

n,M< 2". 

2. Prepare the sequence and design the combinational circuit such that all the 
flip-flops are reset after the M clock pulse. 

(a) Draw the truth table of a ripple counter with the output of a 
combinational logic circuit Y, such that Y - 1 for the valid state and 
y = 0 for the invalid state. 

(b) Draw the K-map for output Y and simplify. 

Let us consider the example of a Modulus-4 (Mod-4) counter. 

1. The minimum number of flip-flops required is 
M<T or 4<2" or n = 3 

2- Design the combinational logic circuit such that the flip-flops are clear attei 
four clock pulses. 








































































The logic circuit of Modulus-4 asynchronous counter is shown in Fig. 5 79 



Fig. 5.79 Modulus-4 asynchronous counter 


The waveforms of Mod-4 ripple counter are shown in Fig. 5.80. 



Flip-flop is clear 

Fg. 5.80 Waveforms of Mod-4 ripple counter 


or 9<2" or n = 4 

the combinational logic circuit such that the flip-flops are clear after 

2 peSlg L* pulses- 

n'" e JP lrulh table of a 4-bit UP counter is given in Table 5.42, where V is 
(a) output of the combinat.onal circuit. It is equal to 1 for the counts 0 
8 and it becomes 0 for count 9. 

Table 5.42 Truth table of 4-bit UP counter with output V 
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Fig. 5.82 Waveforms of Mod-9 ripple counter 

5.14.3 Commonly used ICs for Asynchronous Counter 

The commonly used TTL ICs of asynchronous counter are given below. On the 
basis of their features. ICs are classified into three groups: group A, group B, and 
group C. 

Group A: 

7490 BCD counter 
74290 BCD counter 
74490 Dual BCD counter 

Group B: 

7492 Di vided-by- 12 counter 

7493 4-bit binary counter 


74190 

74177 


figavuui/iv 

presettable 4-bit binary counter 


r r) asynchronous counter. It consists of four flip-flops, internally 
' ?49 0 is a b t0 provide Mod-2 and Mod-5 counter functions, as shown in 
so » undcr th e group of set and reset and referred as group A. These 

fi" 5 ' 83 ' 'land reset inputs. These inputs help in designing a Modulus-M counter. 



Input 

B 

Fig. 5.83 Block diagram of 1C 7490 


. 2 an( j Mod-5 counters can be used independently or in combinations. 
Th h output of Mod-2 counter and Q D , Qo Qb are t he outputs of Mod-5 counter. 
& IS ‘ C R af g the r eset inputs; these inputs are connected to 1 to reset the flip-flops. 
J a " d s \ K the set inputs; these inputs set the counter 1001 by connecting to logic 
i'For normal operation, set and reset inputs are connected to 0. 

IC 7490 is used as a BCD counter, when Q A is connected as the clock input of 
Mod-5 counter and the external dock is given to the clock inputs of Mod-2, as 

1 _ „ . rpi | ]pn pp T3 CIA n/Minfar ic Oriltan in TqWp S 
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BCD counter (Mod-2 and Mod-5) 


Fig. 5.84 IC 7490 as 
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The waveforms of BCD counter are shown in Fig. 5.85. 

jmrumnjm 



Fig. 5.85 Waveforms of BCD counter (Mod-2 and Mod-5) 


Q d is connected as the clock input of Mod-2 counter and the external clock is 
given to the clock inputs of Mod-5, as shown in Fig. 5.86. 



Fig. 5.86 1C 7490 as BCD counter (Mod-5 and Mod-2) 
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; of BCD counter are shown in Fig. 5.87. 
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5.87 Waveforms of BCD counter (Mod-5 and Mod-2) 
Example 5 .12 Design a divide-by-7 counter using 7490. 


When Q a is connected as the clock input of Mod-5 counter and the external clock 
isgiven to the clock input of Mod-2, then 7490 acts as a BCD counter. It counts 0 



Fig. 5.88 Divide-by-7 counter using 7490 





























































































































































Example 5.13 


' C d 7 ModTcountc°r f functfonsVhen the clock is given Moj* 

•rssrissrr 

coltational logic circuit such that when the counter reaches 4 (0 1 CO)*'** th e 
ofthe combinational circuit is high, whtch ,s connected to reset input/^^Pu. 
reset, as shown in Fig. 5.89. 9 °is 



Fig. 5.89 Divide-by-7 counter using 7490 


1C 7493 

1C 7493 is a 4-bit binary asynchronous counter. It consists of four flip-flops 
internally connected so as to provide Mod-2 and Mod-6 counter functions, as shown 
in Fi* 5 90 It comes under the group of reset, referred as group B. This IC has 
reset inputs; these inputs help in designing a Modulus-M counter. 



Fig. 5.90 Block diagram of IC 7493 

The Mod-2 and Mod-6 can be used independently or in combinations. Q\ i s ^ 
output of Mod-2 counter and Q D , Q c , Q B are the outputs of Mod-6 counter./?|M 

/?? are the reset inputs. These inputs are connected to 1 to reset the flip-fl°P s - 
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used as a counter, but it is used for frequency division. 


.YNCHRONOUjCOUNTER 


jC -- ----- 

the output of previous flip-flop is the clock pulse input for the 

,„an p P'- and hence, the delay is more and speed is less. Applying the clock 

„ed f1lp he flip-flops of the counter increases the speed of operation. The output 

P ulSel0a flio-flops Ganges in synchronism with the clock and such a counter is 

of a" lhe „- h ronous counter. The logic diagram of a 3-bit synchronous counter 

oall^ Fift 5.91. 
js shown m F'S- 



The inputs to the flip-flops are the function of previous outputs or logic 0 or 
logic 1. It is explained in the design of synchronous counter. 

5.16 FLIP-FLO P EX CITATION TABLE_ 

The problem with synchronous circuits is defined in terms of state tables or a set of 
statements. These state tables provide the sequence of states and the transition from 
present state to its next state. From these data, we need to find the inputs to the flip- 
flops that will provide the desired transitions. The table which shows the inputs ol 
Hie flip-flop for all possible transitions at the output is known as the excitation 
table. 
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flip-flop is (U,U|U. w, ./• 

m _, n transition The present state of flip-flop is 0 and the next state of n iD „ 

*1 It'showTlhU the outpul of flip-fl<*P « s® 1 ’ S ' R ,s < 1 ■ 0)- Thus, for Uie 

o to l.the input Of S-R flip-flop ts (1,0). 


Oto l.the input otb-Knip-i^F-v » 

1 too, the input of S-R flip-flop is (0,1). 

m «transition The present state of flip-flop is 1 and the next state of fl ip . n 
s also I It shows that there is no change in output, S-R is (0.0) or the output of 
flip-flop is set, S-R is (1,0). Thus for the transition 1 to 1, the input of S-R flip-flop 
is (0,0) or (1.0). It can be written as (X, 0). 


5.16.2 Excitation Table of J-K Flip-Flop 

The truth table of J-K flip-flop is given in Table 5.48 and the excitation table is 
given in Table 5.49. 

Table 5.48 Truth table of j-K flip-flop Table 5.49 Excitation table of )-Kflip-flop 


Present output 

Qn 

Next output 

Qn+1 

Input 

Jn 

A. 

0 

0 

0 

X 

0 

1 

1 

X 

1 
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X 

1 
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X 
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Jn 

K n 

Qn+1 

0 
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Qn 
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1 
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0 
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Qn 


(0 -> 0) transition The present state of flip-flop is 0 and the next sta e o ^ ^ 

is also 0. It shows that there is no change in output, J-K is (0, 0) or t e ^ 

Hip-Hop is reset, J-K is (0,1). Thus for the transition 0 to 0, the input o 
is (0,0) or (0,1). It can be written as (0, X). 


[)or the °j'^flip-flop > s (1 ’ l) or (°, !)• u can be written as (X, 1). 
inputs ^ ^ The present state of flip-flop is 1 and the next state of flip-flop 
,that there is no change in output. J-K is (0,0) or the output of 


1 0U sh ' 

J°;,nrthe< 

ition *r - 

^ 1) ,ra ws that there is no change in output. J-K is (0,0) or the output of 
‘also 1- 11 j K is (1,0). Thus for the transition 1 to 1, the input of J-K flip-flop 
>P*f 0 ; It can be written as (X, 0). 

To,o)° r( ’ 

Excitation Table of T Flip-Flop 

1 nf T flip-flop is g iven in Table 5.50 and the excitation table is given 



Present output 
Qn 

Next output 
Qn+1 

Input j 
Tn 

0 

0 

0 

0 

1 

1 

1 

0 

1 

1 

1 

0 


transition The present state of flip-flop is 0 and the next state of flip-flop 
(0 '\ () It shows that there is no change in output, T is 0. Thus for the transition 

0 ,o 0 , the input of T flip-flop is 0. 

t) trans ition The present state of flip-flop is 0 and the next state of flip-flop 
” Mi shows that the present output is the complement of previous output, T 
is 1 Thus for the transition 0 to 1, the input of T flip-flop is 1. 

(1 -> 0) transition The present state of flip-flop is 1 and the next sate of flip-flop 
is 0. It shows that the present output is the complement of previous output. T 
is I.Thus for the transition 1 to 0, the input of T flip-flop is 1. 

(1 —> 1) transition The present state of flip-flop is 1 and the next state of flip-flop 
is also 1 . It shows that there is no change in output, T is 0. Thus for the transition 
1 to 1, the input of T flip-flop is 0. 

5.16.4 Excitation Table of D Flip-Flop 

The truth table of D flip-flop is given in Table 5.52 and the excitation table is g 
in Table 5.53. 







































>. icitinn The present state is 0 and the next state is also n . 
> -«• 0150 mus r ” *• 


anci -- . n 

input of D flip-flop is 0. 


the 


|[ Ot U Hip I,v r 

« transition The present state of flip-flop is 0 and the next state off,- 
M I, shows that after the clock, the flip-flop is set, Dis I, Thus f 0r the (JK, 

0 ,o I, the input ofD flip-flop is I- ns 'S 


Oto Ktne input ui ^ — r 

f1 _» 0 ) transition The present state of flip-flop is 1 and the next state of fl in n 
s oil shows .hat after the clock, the flip-flop is reset, D is 0. Thus for the 

,o 0 , the input ofD flip-flop is 0. 


I to U, rne input ~ —r - * 

n t) transition The present state of flip-flop is 1 and the next state offiin n„ 
M I, shows that after,he clock, the fltp-flop is set, D is 1. Thus forthetr a „ P > 

1 to 1, the input ofD flip-flop is I- 


5.17 gvMrH RONOUS COU N TER DESIGN _ 

In a synchronous counter, the clock pulse is given simultaneously to all the fli p . flo 
and the transition at the output is in synchronism with the clock inputs. The design 
procedure of synchronous counter is as follows: 

1. Find the number of flip-flops required. 

Fora Modulus-M counter, the number of flip-flops required is n, such that 

M<2". 

2. It is noted that an //-bit counter is also known as a modulo 2" counter. 

3. Write the given sequence in the form of present state and next state (i.e. Q n 
and Q„ + i). 

4. With the help of excitation table, find the inputs of flip-flop for the given 
transition. 

5. Prepare K-map for each input of flip-flops in terms ol output of the flip- 
flops and simplify. 

6. Connect the inputs to the flip-flops as per the simplified Boolean equations. 

Example 5. 14 Design a 3-bit synchronous counter using J-K flip-flops. 

Solution 

For a 3-bit counter, three flip-flops are required, n =3 
The sequence in the form of present state and next state with the excitation table 
of J-K flip-flop is given in Table 5.54. 
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The 3-bit synchronous counter using J-K flip-flop is shown in Fig. 5.92. 



Fig. 5.92 3-bit synchronous counter using )-K flip-flop 

































































































The sequence in the form ot presen, s.a.e a„u next state with the e Xcit 
of T flip-fI 0 P is given tn Table 


a Uo 


n, ab| e 




Fig. 5.93 Mod-5 synchronous counter using T flip-flop 




















































































































































Fig. 5.94 Mod-12 synchronous counter using D flip-flop 


c control "- -- when 

°r /gy/N * a 0 the direction of counte r is in de creasing direction and the 

"’ P h e a down counter. When UP/ DOWN input is 1, the direction of 
1F (iter is said t0 eaS jng direction and the counter is said to be an up counter. The 
< ef is i" ' ncrea ‘ , poWN synchronous counter is given in Table 5.57 

S table of 3' bltUP/ _ 

State table of 3-bit UP/DOWN synchronous counter 
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Qi 

UP/ DOWN 
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The excn 
Table 5.58. 

Table 5.58 



Excitation table of 3-bit UP/DOWN counter for )-K flip-flops 
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The logic diagram of a 3-bit UP/DOWN counter using J-K flip-flops is shown 
in Fig. 5.95. 

5.18.1 Commonly used ICs for Synchronous Counter 

The commonly used TTL ICs of synchronous counter are given below. On the 
basis of their features, ICs are classified into four groups: group A, group B, group 
C. and group D. 

Group A: 

74160 Decade UP counter 

74161 4-bit binary UP counter 

74162 Decade UP counter 


i 



74 169 4-bit binary UP/DOWN counter 

Group C: 

74 190 Decade UP/DOWN counter 

74191 4-bit binary UP/DOWN counter 

Group D: 

74192 Decade UP/DOWN counter 

74193 4 -bit binary UP/DOWN counter 


5.18.2 1C 74191 

IC 74191 is a4-bit binary UP/DOWN synchronous counter. It has an asynchronous 
preset input but no clear input. The functional diagram of IC 74191 is shown in 

Fig. 5.96. 



Fig. 5.96 Functional diagram of 1C 74191 

ENAB: It is an active low enable input signal. The chip gets enabled when this 
in put is connected to ground. 




























































































„„ „ : s . clock input. I<-/*«** ■» “ p- v^-inggered 4-bit k- 

DOWN counter. Outputs change when theclock «s changed f rom , 0gjc J J 

„ n Ob Qa' These are the 4-bit outputs. 

Qn. Qc. Ok, V _ 


•ogico'X^/ 


o Q Qb Qa : These - 

M VX/MIN: It« ft 0U, P ut Signal N0n " ally ft “ in logic 0 state - It goes tn 

nne tches to maximum for UP counting and minimum for DOWN „ 
t0 detect the overflow in UPcounting and underflow in DOWN 
_oinnni Normally it is in logic 1. It goes tn . 


^ici 


count 
It 


UUW N J, Whei1 

D0 WN Coum- 11 ®' 


It is useoiout.v.- . . T,1Nc ouiui n 

n . I, is the output Signal. Normally it is in logic 1. It goes to l ogic 0 " " 8 
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TZu be in logic 1 during UP/DOWN co„„,i„ g "»*«*« 
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The functional table of IC 74191 is given in Table 


e inputs are Use( j 


Table 5.59 Functional table of IC 74191 


Clock 

Enable 

Load 

D/U 

Mode 

X 

1 

X 

X 

^op count 

X 

0 

0 

X 

Preset 

T 

0 

1 

0 

Up count 

T 

0 

1 

1 

Down count 


Applications of IC 74191 

IC 74191 can be used as a programmable frequency divider. In this application, 
the R c output is connected to the load input and the required output waveform is 
obtained at the MAX/MIN output. The frequency of the output signal is a function 
of the input connected to the preset terminal. The relation between F out , F in , and 
A/is 

F out = FJ( 15 - N) where (0<N< 14) for UP counting 

F oul = Fj n /iV where (1 < N < 15) for DOWN counting 

Example 5.17 Design the following frequency dividers using IC 74191 

(a) Divide-by-2 for UP counting 

(b) Divide-by-5 for DOWN counting 

Solution 

(a) To design a divide-by-2 counter using IC 74191 for UP counting, calculate 
the value of N using the equation 

^out = ^ir/05 - N) where (0<N< 14) for UP counting 


clk 

input 


ycK 

ENAB 
D/U P p Pc P B P A 


74191 MAX/MIN 


y cc 


Output 


Load 


J 


f ig 5.97 Divide-by-2 counter using IC 74191 for UP counting 


To design a divide-by-5 counter using 1C 74191 for DOWN counting. 
<b calculate the value of N using the equation 

F out = F JN where (1 < N < 15) for DOWN counting 

FJ5 = FJN 
... A7 = 5 (0101) 

The circuit diagram of divide-by-5 counter using IC 74191 for DOWN 
counting mode is shown in Fig. 5.98. 
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Fig. 5.98 Divide-by-5 counter using IC 74191 for DOWN counting 


Example 5.18 Consider the input frequency of the signal is 600 Hz. Design 
the circuit using 74191 to get the output frequency signal of frequency 60 Hz 

(a) in UP mode 

(b) in DOWN mode 

Solution 

(a) Given F out = 60 Hz and F in = 600Hz 

F om = F J( 15 - N) where (0 < N < 14) for UP counting 

60 = 600/(15-N) 

Af = 5 (0101) 


































CLK a 

input 


fc//) UC 

■>CK 74191 

D/U 

ENAB P d Pc p b p a 


F 

^cc°~~ 


"L 

MAX/MIN 

Load 


Output 


Fig. 5.99 Divide-by-5 counter using 1C 74191 for UP counting 

F -60 Hz and Fj„ = 600Hz 
fb) Given r 0 „, - 

_ _p /N where (1 < Af < 15) for DOWN counting 

r out ~~ r iff 

60 = 600 IN 
•' N= 10(1010) 

The circuit diagram of divide-by-10 counter using IC 74191 for 

counting mode is shown in Fig. 5.100. 
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ie. 5.100 Divide-by-10 counter using IC 74191 for DOWN counting 


Fig 


5.18.3 IC 74192 

IC 74192 is an UP/DOWN decade counter with separate UP/DOWN clock, te 

Maximum count frequency is 30 MHz. It is a to pm 
diagram of IC 74192 is given in Fig. 5.101. 


P 0 - Py Parallel inputs 

CP o'. Count down clock input 

TC D : Terminal count down 
MR: Asynchronous master reset input 


Qo-Qy Flip-flop output 
CPy. Count up clock input 

TCu : Terminal count up 

PL: Asynchronous parallel inp ut 
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Fig. 5.101 Functional 
diagram of IC 74192 


cL OCKEDSEQyEN TIAL CIRCUIT 

—'^^ITrircuit is a synchronous circu 


.q — = -- 

. tial circuit is a synchronous circuit. In a clocked synchronous 

i***?£Z arc the basic elements. All the flip-flops used in the circuit are 
c j r ciiit« flip'^°P s oU siy The next state of clocked synchronous circuits depends 
clocked sim ult ^ e ^ lhe preS ent state of clocked circuits. The output of a clocked 
0 „ present inP“ ' ^ may or may not be a function of its present input, therefore 
synchronous c,rC nQUS c j rcu its are classified into two types: (i) Moore circuit, 

the clocked sync 

; d ,ii) Mealy circuit. 

riqi Moore Circuit 

’ a synchronous circuit in which the output Y depends only on the present 
Thedockeo 7 ^ ^ known as a Moore circuit. It is independent of present 

Sut(s) 1 figure 5-102 shows the general block diagram of Moore circuit. 
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Fig. 5.102 General block diagram of Moore circuit 
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The Moore circuit is shown in Fig. 5.103. 



Fig. 5.103 Moore circuit 


The clock is given simultaneously to both the flip-flops. Therefore, thecircuit 
is said to be a clocked circuit. The output Y=Q B -Q A . It is a function of the presen, 
state only and it is independent of input X. 


5.19.2 Mealy Circuit 

The clocked sequential circuit in which the output depends on the present state of 
flip-flop(s) and input(s) is known as a Mealy circuit. Figure 5.104 shows the general 
block diagram of Mealy circuit. 



Output 
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memory 
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Fig. 5.104 General block diagram of Mealy circuit 



clock is given simultaneously to both the flip-flops. Therefore, the circuit 
ThC C be a c i 0 cked circuit. The output Y= Q B - Q A .Itisa function of the present 
lSS „r .h«» circuit and input. 




r VMS OF CLOCKED SEQUENTIAL CIRCUIT 

ential circuit, the output and the next state of flip-flops are the functions 
ln inputfs) and present state; it depends on the type of circuit, Moore or Mealy. 

The analysis of clocked sequential circuit is nothing but to find the output and the 
next state for all possible combinations of input(s) and present states, which are 
shown by a ta bie or a diagram. Such a table is referred as state table and the diagram 

is referred as state diagram. 

5.20.1 State Table 

The state table shows the output and the next state of a sequential logic circuit for 
all possible combination of input(s) and present state(s). The procedure to find the 
slate table is as follows: 

1. For a given circuit diagram, find the expression for the inputs of flip-flops. 

2. Assume input X = 0, and find the next state and output for all possible 
combinations of present states. 

3. Assume input X = 1, and find the next state and output for all possible 
combinations of present states. 

4. Draw the table which shows the present state, the next state when input X 0, 
the next state when input X = 1, the output when input X = 0, and the output 

whenX= 1 . 








































































































Fig. 5.106 Sequential logic circuit 

Fieure 5.106 consists of two flip-flops, i.e. flip-flop A and flin-fi 
ioolean equations for the inputs J A , K A , J B , K„, and the output Pare as £,?' ^ 

J a =X.Qb , K A = XQ„, J b =XQ a . X„=XQ a , and Y=q b q 
The present state, the next state, and the output of the sequential loo,!. . 
>rX=0 is given in Table 5.60. Clrc “it 


Table 5.60 
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Qb 


Jr 




The present state, the next state, and the output of the sequential logic circuit 
for X=\ is given in Table 5.61. 
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The state table for the given sequential circuit is given in Table 5.62. 


Table 5.62 
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So ,«« ion n , consists of two flip-flops, i.e. flip-flop A and flip-flop B. The Boolean 
figure5-1° inputs J a ,K a , J b . K fl , and the output Y are as follows: 
equation for 


/ =X’Qb- Ka~XQb' Jb-XQ a , K/i-V cc , and Y=Q A Q B X 

Jf\ ~~ 

state, the next state and the output of the sequential logic circuit for 
X=0isg' ven in 


Thcpr£Senl a Table 5.63. 
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The present state, the next state, and the output of the sequential logic circuit for 
X=1 is given in Table 5.64. 
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5.20.2 State Diagram 

The slate diagram is a graphical way of representing the state table The 
represented by a circle, with the state indicated inside the circle. Direc,,!f ^ 
connecting thecircles indicate the transition between the states. The input anH, 

conditions are labeled with tw k U ' Pui 
numbers separated by the symbol”/’ , ary 
with directed lines. The first bit j nri - 8 
the input and the bit after the sy m K C f tes 
indicates the output. The state diagram 7 
a 3-bit up counter is shown in Fig 5,1® 
When the present state is 000, the next c. 
is 001 and so on. This state diagram shot 
that the next state depends on the Dre « B , 
state only. v nl 



-mo/-— 

Fig. 5.108 State diagram for 3-bit up 
counter 


The state diagram for a 3-bit up/down is shown in Fig. 5.109. The sequential 
circuit acts as an up counter, if X— 0, otherwise the circuit acts as a down counter 
When the present state 000, the next state is 001 for X = 0 and it is 111 f or x= l. 





Fig. 5.109 State diagram for 3-bit up/down counter 
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1/0 



Fig. 5.110 State diagram for 3-bit up/down counter 

case of Moore circuit, the output is not a function of input, therefore the directed 
- are located with only one binary number, which represents the state of the 
l,neS / T hp output state is indicated within the circle below the present state, as 

inp ut * 1IK L c i,, 

shown in Fig. 5.111- 


Output 


Fig. 5.111 Sequential Moore circuit 



5.21 DESIGN OF CLOCKED SEQUENTIAL CIRCUIT 

The clocked sequential circuit is defined by a set of statements or state table or 
state diagram. 

I • When the clocked sequential circuit is defined by a set of statements, then 
the first step of designing a clocked sequential circuit is to prepare a state 
table from the set of statements. 























state .able- ^ c number of fli p.flops required to implement the gi 
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s tat e 


table. 


, *" d ,he B< ”'“ n ' qu “ io " !,o ' "*»« „ 

■ outpm Of flip-flops. 

g. Draw the logic diagram. 


5 21.1 State Diagram 

‘ .. v the problem of clocked sequent.al logic c.rcutt .s defined i n ten* 

Gen6 a I or as a set of statements. The state d.agram provides the informa,J 

state diagram °r asa® ^ ^ ^ oftransition . 

° f ^Tnumbers or variables inside the circle represent the state. The direct 
7? led with a Single or two binary numbers separated by a s ymbo i* 
,inCS Z' !h lines are labeled by a single value, the single value shows the i npM 
When direc transition. When directed lines are labeled with twobinary 

numbers, the a ^ after (hc sym bol 7’ is the output value, 
transition “ d ‘ he V U ® clocked seqU ential circuit which generates the sequence 
rf. S 7 whenX=Oand T= 1. The circuit generates the reverse sequence 
7 5’3 1.6,4,2,0. when X= 1 and Y= 0. Figure 5.112 shows the state diagram for 
the desired clock sequential circuit. 
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** „lain ed ,n „ 1 clocked sequential circuit, the state table is obtained from 

iS lliile des> gning 

*’, e diag fam the state table for the state diagram of Fig. 5.112 is given in Table 
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5 213 State Reduction 

‘, (Iesign procedure starts with determining the number of flip- flops , 
Tneae. s v States l Jsinc the state reduction technin,,^. .. 


J* 16 ^'on tfienumber ofstates. Using the state reduction techniques, wec^'****' 
depend. eduction technique avoids the nrC(, u 




re diice 


reduce the numuci u. —. - * 

. i fn he eauivalent, if the outputs) and the next state are same f or 

i_. orp fnnnrl nnp r\f thom _ , 


are said to Deequiva.w.— r , eachi 

" daion. 0n« »» •***“ su,es a ' e , found ' °” ° f ' hcm ™» »• 
wf"honl altering the input nnd outpu' relations. 

Consider the state diagram of a clocked sequent.al c.rcuit, as shown ^ 

Fig. 5.114. 


states 


ln Put 



The state table for the state diagram of Fig. 5.114 is shown in Table 5.68. 

The states e and g are equivalent because the next state and the outputs are same 
for the input X = 0 as well as X = 1 and hence, g is replaced by e and the state g is 
removed from the table as shown in Table 5.69. 
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d 

f 
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f 
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f 

a 

f 
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VJ 
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1 
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1 
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0 

1 

0 

1 

Table 5. 

69 Modified stai 

te table 


Next state 

Output 

Present state 

X=0 

X=1 

X=0 

X=1 

a 

c 

b 

0 

0 

b 

d 

c 

0 

0 

c 

(g)e 

d 

1 
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—>d 
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f 

1 

0 

e 

f 

a 

0 

1 

->f 

(g)e 

f 

1 

0 


i ar lv the states d and/are equivalent and hence,/is replaced by d and the 
removed from the table as shown in Table 5.70. 


Table 5.70 State table with f replaced by d 


Present state 

Next state 

Output 

X=0 

X=1 

X=0 

X=1 

a 

c 

b 

0 

0 

b 

d 

c 

0 

0 

c 

e 

d 

1 

1 

d 

e 

(fid 

1 

0 

e 

(fid 

a 

0 

1 


5.21.4 State Assignment 

The clocked sequential circuit is defined in terms of present state, next state and 
the output for different input conditions. The input for flip-flops are calculated to 
get the desired next state for the present state and input(s), hence there is a need to 
specify the present state and next state in binary format. 

If the present state and next state are specified by alphabets, then binary values 
are assigned for the alphabets. The number of bits used to assign binary values to 
alphabets depends on the number of alphabets used. If the number ot alphabets is 
then /i-bits are required to represent the alphabets in binary, such that _ >M. 
The selection of value of n is as minimum as possible. 
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Example 5.20 Design a sequential circuit using J-K f1ip-fl ops for ^ 
diagram shown in Fig- 5.115. 


state 



Fig. 5.115 State diagram of sequential circuit 


Solution 

The state table is given in Table 5.71. 


Table 5.71 State table for state diagram (Fig. 5.115) 


Present state 

Next state 

Out 

put 

X=0 

X-l 

x=o 

X=1 

Q2 

Qt 

Qo 

Qz 

Q, 

Qo 

Qz 

Q, 

Qo 

Y 

Y 
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0 

1 

1 
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0 

0 

1 

0 

1 

0 

0 
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0 
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0 

1 

1 
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0 
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0 

1 

0 

0 

1 

0 

0 

0 

0 

0 

1 

1 

0 

0 

1 

0 

0 

0 

0 

1 

0 

1 

1 

1 

0 

1 

0 

0 

0 

1 

0 

0 

1_ 
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The logic diagram for the given state table is shown in Fig. 5 . \ j 6 



Example 5.21 With the help of a state table and state diagram, design a Mod-5 
up/down counter. 

Solution 

A Mod-5 counter counts 0-1 -2-3-4 during up counting and 4-3-2-1 -0 during down 
counting. Let us consider X as the input signal, which controls the direction of 
up/down counter. The circuit acts as an up counter for X = 0. And for X = 1, the 
crcmt acts as a down counter. The state diagram is shown in Fig. 5.117. 
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0 



Fig 5- 117 State diagram of Mod ' 5 up/down counter 


t uj e which shows the present state and next state for X = 0 and X = 1 
Table 5.73 State table of Mod-5 up/down counter 


r - 



Next state 

present state 


x=o 


a :=/ 

Qi 

Qz 

Qo 

Q 2 

Qi 

Q„ 

Qz 

Q / 

Qo 

0 
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0 

0 

0 

1 

1 

0 

0 

0 

0 

1 

0 

1 

0 

0 

0 

0 

0 

1 

0 

0 

1 
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0 

0 

1 

0 

1 

1 

1 
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0 

0 

1 

0 

1 

0 

0 

0 

0 

0 

0 

1 
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The excitation table for the given state diagram is given in Table 5.74. 


Table 5.74 Excitation table for the state table (5.73) using )-K flip-flop 


Present state 

Input 

Next state 


Input of the flip-flops 

Qz 

Q / 

Qo 

X 

Qz 

Qz 

Qo 

Jo 

Ko 

Jl 

K, 

J 2 

*2 

0 

0 

0 

0 

0 

0 

1 

1 

X 

0 

X 

0 

X 

0 

0 

1 

0 

0 

1 

0 

X 

1 

1 

X 

0 

X 

0 

1 

0 

0 

0 

1 

1 

1 

X 

X 

0 

0 

X 

0 

1 

1 

0 

1 

0 

0 

X 

1 

X 

1 

1 

X 

1 

0 

0 

0 

0 

0 

0 

0 

X 

0 

X 

X 

1 

0 

0 

0 

1 

1 

0 

0 

0 

X 

0 

X 

1 

X 

0 

0 

1 

1 

0 

0 

0 

X 

1 

0 

X 

0 

X 

0 

1 

0 

1 

0 

0 

1 

1 

X 

X 

1 

0 

X 

0 

1 

1 

1 

0 
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0 
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The logic diagram for the given 
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diagram is shown in Fig. 5.118. 


Example 5.22 Design a clocked sequential circuit using J-K flip-flop for the 
state diagram shown in Fig. 5.119. 


1/0 



Fig 5.119 State diagram of clocked sequential circuit 
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State reduction 

The states b and dare not equivalent because the outputs are not mat h 

and A' = 1. From the state table, it is observed that all the states are d' n8for *»0 

there is no possibility to reduce the state table. dlffer e man(| 

State assignments 

The state table includes four alphabets and hence, the number of bits 
represent the alphabets in binary is two. The assigned values for the alph^'^ ,0 
2-bits are given below. 3 ets using 


Variable 

Assigned value 

a 

00 

b 

01 

c 

10 

d 

11 


The state table for the state diagram of Fig. 5.119 is shown in Table 5.76 


Table 5.76 State table for the state diagram (Fig 5.119) 


Prove 

i m t vlnlo 

Next state 

Output 

r rest 

111 Mult 

X = 

= 0 

X 

= J 

II 

* 

X = 1 

Q, 

Qo 

Q, 

Qo 

Qj 

Qo 

Y 

Y 
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0 
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0 

0 

0 

0 

0 

1 
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0 
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The logic diagram for the given state diagram is shown in Fig. 5.120. 



Fig. 5.120 Logic diagram for the state diagram (Fig. 5.119) using )-K flip-flop 






































































































Fig. 5.121 State diagram for the given sequence 
The state table is given in Table 5.78. 

Table 5.78 State table for the state diagram (Fig 5 . 12 i) 


Present st 

ate 

J 

Next state 

62 

Q, 

Qo 

Qz 

Q, 

Qo 

0 

0 

0 

0 

1 

0 

0 

1 

0 

1 
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0 

1 

0 

0 

1 

0 

1 

1 

0 
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0 

0 

1 

0 

0 

1 

1 

1 

1 

1 

I 

1 

1 

1 

0 

1 

1 

0 

0 

0 
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The excitation table for the given state diagram using J-K flip-flop is given in 
Table 5.79. 

Table 5.79 Excitation table for the state table (5.78) using J-K flip-flop 


Present state 

Next state 

Input of the flip-flops 

Qz 

Qi 

Qo 

Qz 

Q, 

Qo 

Jo 

So 

J, 

S, 

Jz 

*2 

0 

0 
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0 
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X 
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X 
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X 

0 

1 

0 
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X 
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The | 0g i c diagram for the given sequence is shown in Fig. 5.122. 



0 -- 

Fig. 5.122 Logic diagram for the state diagram (Fig. 5.121) using )-K flip-flop 


Example 5.24 Implement the following state diagram using 

(i) D flip-flop 

(ii) T flip-flop 

(iii) R-S flip-flop 





















































































Fig. 5.123 State diagram 

Thestate table for the state diagram of Fig. 5.123 is given in Table 5. 8o 


Table 5.80 State table for the state diagram (Fig 5-j 23) 


Present state 

x=o 

Nex 

t state 

X=I 


Out 

~x^r~ 


Qi 

Q, 

Qo 

Qi 

Q, 

Qo 

Qi 

Q, 

Qo 

Y 

K —l 

y " 
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0 

1 

1 

0 

0 

0 

1 

0 
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1 

0 

1 

0 

1 

1 

0 

0 

i 

0 

1 

0 

0 

1 

0 

0 

0 

0 

0 

i 
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0 

0 

1 

0 

0 

0 

0 

1 

0 

i 
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1 

0 

1 

0 

0 

0 

1 

0 

0 



(i) Design using D-FF 

The excitation table for the given state diagram using D flip-flop is given in 
Table 5.81. 


Table 5.81 Excitation table for the state table (5.80) using D flip-f| 0D 


Present state 

Input 

Next state 

Output 

Input of the flip-flops 

Qi 

Q1 

Qo 

X 

Qi 

Q, 

Qo 

Y 

d 2 

D, 

Do 
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0 
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0 
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0 

0 

0 
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0 

0 

0 

1 

0 

0 

1 

1 

0 

0 

1 

0 

0 

0 

1 

0 

0 

0 

0 

0 

1 

0 

0 

1 

1 

0 

0 

1 

0 

0 
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1 
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The logic diagram for the given state table using D flip-flop is shown in Fig. 
5.124. 

(ii) Design using T-FF 

The excitation table for the given state diagram using T flip-flop is given in 
Table 5.82. 


Table 5.82 Excitation table for the state table (5.81) using T flip-flop 


Present state 

Input 

Next state ( 

Output i 

Input of the flip-flops\ 

Qt 

Qi 

Qo 

X 

Qt 

Q, 

Qo 

y 

To 

T, 

Ti 1 
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0 

0 

1 

1 

0 

0 

0 

1 

1 1 

0 

0 

1 

0 

0 

1 

0 

0 

1 

1 

0 

0 

1 

0 

0 

0 

1 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1 

0 

0 
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0 
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The logic diagram for the given state table using T flip-flop is shown in Fig. 
5.125. 


(iii) Design using S-R F F 

The excitation table for the given state diagram using S-R flip-flop is given 
in Table 5.83. 


Table 5.83 Excitation table for the state table (5.81) using S-R flip-flop 

































































































Fig. 5.125 Logic diagram for state diagram (Fig. 5.124) using T flip-flop 
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Fig. 5.126 Logic diagram for state diagram (Fig. 5.123) using S-R flip-flop 


Fig. 5.127 State diagram for the given sequence 
The state table for the state diagram of Fig. 5.127 is given in Table 5.84. 
Table 5.84 State table for the state diagram (Fig 5 . 1 27 ) 



The excitation table for the given state diagram is given in Table 5.85. 
Table 5.85 Excitation table for the state table (5.84) using )-K flip-flop 
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The logic diagram for the given sequence using J-K flip-flop i s shown i n 
Fig. 5.128. 



CLK 

Fig. 5.128 Logic diagram for the state diagram (Fig. 5.127) using J-K flip-flop 


5.22 LOCKOUT CONDITION 

In Example 5.25, the clocked circuit is designed to generate the sequence 
^2—>5—^4—>7 —>0, the states I, 3, and 6 are unused states. If the sequence 
generator finds itself in an unused state, the next state is unknown. It may bt 
possible that the sequence generator go from one unused state to another unused 
state, but it never arrives at a used state. The circuit is said to be locked. To 
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c1 79 state diagrams to generate 
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Fig. 5.130 State diagrams to generate the 

sequence 0->2->5 ->4-*7-> 0 with 
lockout condition 


In Fig- 5-129, when the sequence generator is found in an unused state, its next 
state is a used state 0. When the sequence generator is found in an unused state, the 
next state is the nearest used state in Fig. 5.130. For example, for the unused state 1, 
the next state is 2; and for the unused state 3, the next state is 4. 

Example 5.26 Design a sequence generator to generate the sequence 
0->2->5->4-»7 and avoid the lockout condition using J-K flip-flops. 

Solution 

The state diagram to generate the sequence 0-»2—»5-»4-»7 while avoiding the 
lockout condition using J-K flip-flops is shown in Fig. 5.131. 



Fig. 5.131 State diagram to generate the sequence 0-»2-*5-»4->7 
























































The excitation table for the given state table is given in Table 5.87 


Table 5.87 Excitation table for the state table (5.86) using J-K f| ip f|Q 
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The logic diagram for the given sequence using J-K flip-flop is shown i 


Fig' 


5.132. 
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Pig. 5.132 Logic diagram for the state diagram (Fig. 5.131) using J-K flip-flop 


5.23 SEQUENCE GENERATOR_ 

The circuit which generates a desired sequence of bits in synchronous mode with 
a clock is known as a sequence generator. The basic block diagram of a sequence 
generator is shown in Fig. 5.133. 
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Fig. 5.133 Basic block diagram of sequence generator 

For designing a sequence generator, first calculate the number of flip-flops 
required and then, design the next state decoder to generate the desired sequence. 


















































































































Max ^ \t - ~ ^ u ati 0 

where n is the numberof flip-flops required, C 0 j s the co 
sequence, and C, is the count of I in the given sequence ° in 'h Ct! 

2 Draw the state table as per the following procedure, S ' Vc * 

(a) Assign the desired sequence (start from LSB) to th e 0 

flops, which produces the output. u, Put of, he 

(b) Assign the output to the other flip-flops 0 or 1, such 

are different. at al1 the Slate 

3. Draw the state diagram from the state table. 

4. Prepare the excitation table on the basis of present state and n 

5 . Draw the K-map and simplify the same. ext S| ate. 

6. Draw the logic diagram. 

For example, suppose we have to design a sequence generator to e 

sequence 11001011. ner Meth e 

Numberof Is in the sequence is five (C, = 5) 

Number of Os in the sequence is three (C 0 = 3) 

Max (3,5) <2"-' 

5 < 2"~' 
n = 4 

The state table to generate the desired sequence is given in Table 5.88 


Table 5.88 State table to generate the 
sequence 11001011 



The desired sequence (start from LSB) is assigned under the column of Qo^ 

vtdues UeS ° f ^ 3 ’^ 2 ’ and ^' areass 'g nedas °or 1 such that all the states get different 

or the above state table, the state diagram is shown in Fig. 5.134. 
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The logic diagram to generate the given sequence is shown i n Fi s 

135. 



Fig. 5.135 Logic diagram to generate the sequence 1100101 1 


Example 5.27 Design a sequence generator using D flip-flop to generate the 
sequence 101100110. 

Solution 

Number of Is in the sequence is five (Cj = 5) 

Number of 0s in the sequence is four (C 0 = 4) 

Max (4,5) <2"-‘ 

5 <2"-‘ 
n =4 

The state table to generate the desired sequence is given in Table 5.91. 

The desired sequence (start from LSB) is assigned under the column of 2o an( ^ 
the values of Q 2 , and Q ] are assigned as 0 or 1 such that all the states have different 
values. 
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The state 


diagram for the above state table is given in Fig. 5.136. 



The excitation table for the state diagram is shown in Table 5.92. 


Table 5.92 Excitation table for the state diagram (Fig. 5.136) using D flip-flop 
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D 2 = Q 2 Q 0 + Q 3 Q 0 + QoQ 2 Q)Q\ 



The logic diagram to generate the given sequence is shown in Fig 5 13? 

5.24 SEQUENCE DETECTOR 

The sequence detector is a logic circuit that detects a desired sequence. The proced 
to detect a desired sequence is as follows: 

1 . Draw the state diagram for the desired sequence. The procedure to draw the 
state diagram is explained in the example given below. 

2. Draw the state table from the state diagram. 

3. Find the required number of flip-flops. 

4. Draw the excitation table for the state table. 

5. Draw the K-map and simplify the same. 

6 . Draw the logic diagram. 

Example 5.28 Design a sequence detector to detect the sequence 10101 1 . 

Solution 

The number of states of a state diagram is equal to the number of bits in the desired 
sequence. In the given sequence, the number of bits is six and therefore, the number 
of states is six. The state diagram for the correct sequence is shown in Fig. 5.138. 
e states of the state diagram are defined by the alphabets a , b, c, d, e , and f The 
tput is considered as 0 when the complete correct sequence is not detected. Once 
e detector detects the correct sequence, the output becomes 1 . 



Fig. 5.137 Logic diagram to generate the sequence 101 lOOt 10 
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Fig. 5.138 State diagram for the correct sequence ioi 0 


Present state 3 


The initial state is a. When X- 1, Y- 0, then the next state is b, b eca 
of the desired sequence is 1. If X is 0, Y must be 0, and the next stated 



Fig. 5.139 

Present state b 

When X = 1, Y= 0, then the next state is c, because the second bit of the se 
is correct (11). When X= 0, Y= 0, then the next state is a , because the second 
the sequence is wrong. 0 



Fig. 5.140 

Present state c 

When X =0, Y = 0, then the next state is d, because the third bit of the sequence is 
correct. When Xis 1, the third bit is not correctly detected, but there is no need to 
fr o to the initial state a. We assume that the first bit is wrong and the third bit is 

correct. The sequence 11T will be treated as 11 and hence, the next state is b and Y 
is 0. 


k 


Fig. 5.141 


-sent stated 

n 1 , r=0. then the next state is e, because the fourth bit of the sen „ m 

W Sly de,ected - When X iS °’ the fOUrth bit iS Wr0ng and ,he ncxl must 

c ° n n because the whole sequence is wrong. 

tf andF lsu ’ 



Present state e 

When X is 0, the next state is/and Y is 0, because the fifth bit is correctly detected. 
When X is 1, the next state is c. The sequence 1 lett will be treated as 11 and 
fisO. 



Present state f 

When X is 1, the next state is a and Y is l, because the last bit of the sequence is 
correctly detected. When X is 0, the last bit is wrong and the next state must be a 
and Y is 0, because the whole sequence is wrong. 




Fig. 5.144 


State table The state table for the state diagram of Fig. 5 l4 

Table 5.93. ls giv e n in 


Table 5.93 State table for state diagram (Fig. 5. 1 44) 


Present state 

NeXi 
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Output 

X=0 
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X=0 

X=1 
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0 

0 
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a 

e 

0 

0 

e 

f 

c 

0 

0 

f 

a 

a 

0 

1 


State reduction From the state table, it is observed that all the states are differe 
and there is no possibility to reduce the state table. 

State assignment The state table shown in Table 5.93 includes six alphabets 
and hence, the number of bits required to represent the alphabets in binary is three 
The assigned values for the alphabets using 3-bits are given below. 
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Assigned value 
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010 
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Oil 
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100 
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101 


and x- i^f aflf W ^ CJl sIlows Present state and the next state for input 
'• and the out P ut f°rA - = 0 and X = 1 is given in Table 5.94. 
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^ excitation table for the given state diagram using J-K.flip.fiop is g i ven in 
Table 5.95 























































































The logic diagram for [he given state table using J-K flip-flop is shown in 
Fig. 5.145. 



F 'S. 5.145 


L °gic diagram for the sequence (101011) detector 


st aIC it be consiuci «»*•«---i'"-"- wi i eci: 
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Pig. 5.146 State diagram for the correct sequence 1101011 


present state a 

When Xis 1, the next state is b and Y is 0, because the first bit of the desired sequence 
j S 1 If X is 0, then Y must be 0 and the next state is a. 



Fig. 5.147 


Present state b 

When X is 1, the next state is c and Y is 0, because the second bit (11) of the sequence 
is correct. When X = 0, Y =0, then the next state is a, because the detected second 
bit of the sequence is wrong. 



Fig. 5.148 































































Fig. 5.149 


Present state d 

When Xis 1 , the next state is ? and Kis 0, because the fourth bit of rh 
correctly detected. When * is 0, the fourth bit of the sequence is ^ SCquen c e j s 
next state must be a and Kis 0, because the whole sequence is wron*^ and tJ * 



Present state e 

When X is 0, the next state is/and Xis 0, because the fifth bit is correctly dete 
When A"is 1, the next state is c. The sequence 1 lfrH-will be treated as I ] and K 



Fig. 5.151 


1/0 


Fig. 5.152 


present state g 

«■».*: d . V:. . 


state 


.rrectly detected. When X is 0, the last bit of the sequence is wrong and the 
must be a and Y is 0, because the whole sequence is wrong. 


next 



State table: The state table for the state diagram of Fig. 5.153 is shown in Table 5.96. 


Table 5.96 State table for state diagram (Fig. 5.153) 


Present state 

Next state 

Output 

X=0 1 
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and X 


7J omput’ for X = 0 and X = 1 is given inTab,e5.97. 

T ble 5 97 State table for state diagram (Fig. 5.153) in binary 




X=1 


Qi 

Qi 

Qo 

0 

0 

0 

1 

1 

0 

0 

0 

1 

1 

0 

0 

0 

1 

0 

1 

1 

1 

0 

0 

0 


Output 


The excitation table tor tne given »uuv & 
the Table 5.98. 

Table 5.98 ^ti nn table for state table (Table 5.97) using )-K flip-flop 
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The logic diagram for the given state table using S R fl P 
% 5.154. 





























































































































Fig. 5.154 Logic diagram for the sequence (101011) detector 


1 vcn- 1 n m are detmea oy uic u, u, L , a, e,/, ana g. 1 he output will 

f 0 when the complete correct sequence is not detected. Once the 
of nsi deted 3S h complete correct sequence, the output becomes 1. 



Fig 5.155 State diagram for the correct sequence 


entStatea 


presen- ^ state j s £ and y is 0, because the first bit of the desired sequence 

w J e ^'• s 0 then Y must be 0 and the next state is a. 



Fig. 5.156 

Present State b 

When X is 0, the next state is c and 7 is 0, because the second bit of the sequence is 
correct. When X is 1, the next state is b , and Y is 0, because the second bit is not 
correctly detected, but there is no need to go to the initial state a. We assume that 
the first bit is wrong and the second bit is correct, 1+ will be considered as an 
hence, the next state is b and Y is 0. 



1/0 
























j^isconsiaci-- 



Present state d 1S aiu l Kis 0, because the fourth bit of the ««, 

Whetl tlv dete'cted' When X is 0, the fourth bit is wrong and the next state mu^ 
the whole sequence ts wrong. "* 



1/0 


Present state e 

. „ u vt ciatp is fand Y is 0, because the fifth bit is correctly detected. 

WhenXisUhe next state is fc. The sequence l+00b will be treated as 1 andfisO. 



Present state f 

When Xis 1, the next state is g and Y is 1, because the sixth bit ot the ^ 
is correctly detected. When X is 0, the sixth bit of the sequence is wr 


Fig. 5.161 


preset states xt slate j s „ and yis 1, because the last bit of the sequence is 

when X > s 1 ’'^n^vhen X is 0, the last bit is wrong and the next state must be c 

orrectly e nce 01WW will be treated as 01 and V is 0. 

q 



State table The state 


Fig. 5.162 

table for the state diagram of Fig. 5.158 is shown inTable 5.99. 
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juue i euiicuon rruin uic auue iauiv,»«. ~- 

and there is no possibility to reduce the state table. 

SUteassignment Restate table shown inTable 5.99 

and hence, the number of bits required to represent t e a p f 0 \\ 0 wins table. 

The assigned values for the alphabets using 3-bits are given 1 
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Excitation table The excitation table for the given state diagram using D flip, 
flop is given in Table 5.101. 

Table 5.101 Excitation table for state table (Table 5.100) using D flip-flop 
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The logic diagram forthe given state table using D flip-flop is shown in Fig. 5 163 


SUMMARY 


, The different types of flip-flops are: (i) S-R flip-flop, (ii) J-K flip-flop, (iii) M aster . 
Slave J-K flip-flop, (iv) T flip-flop, and (v) D flip-flop. 


. Preset and clear are the asynchronous inputs used to set the initial condition of 
the flip-flop. 


. In S-R flip-flop (using NAND gate) when S = 1, R = 1, the outputs Q and Q are 
same. Logically it is not possible. Such a state is referred as forbidden state. This 
is one of the important limitations of S-R flip-flop. 

. The race-around condition is a major problem in J-K flip-flop. To resolve this 
problem, the J-K flip-flop is used in Master-Slave mode. 

• In a D flip-flop, the output is equal to its input, but the output is delayed by the 
amount of clock. 

• The maximum clock frequency that can be applied as a CLK input of flip-flop for 
proper and stable operation is given as 


/max =-, where 

t s = set-up time of flip-flop 
= is propagation delay time of flip-flop 
l n P = is propagation of next stage decoder 




(iii) P ar4 whic h the data is entered ano/or retrieved m serial form are referred 
, geg ist ^ rS f Registers- 

to 8 s sh 1 shift register is used to multiply or divide the number by 2 n 

, A hi* reCti rr is not shifted out of register. 

* provi ded 1 a app iications of shift registers are (i) Serial-to-Parallel converter, 
T tiecom m °j 1 a o P Serial converter, (iii) Ring counter, (iv) Johnson counter, 

* (ii) P aral1 ^ generator and detector, and (vi) Delay line. 

(v) Seq uence countef COU nts N clock pulses. The frequency of the pulses obtained 

* The N' b,t ^equency of the clock pulse divided by N. Hence, it is also known as 

al M*d-by ' N counter - 

diV>de of the pulses obtained at Q 0 is the frequency of the clock pulses 

* The frequency Hence, it is known as divided-by-2N counter or twisted counter, 

divided by COU nter counts eight-clock pulses. An n-bit Johnson counter 
a 4 -bit , 

mints 2" clock pulses. 

c nnle counter uses n flip-flops, which counts 2" clock pulses. 

The /i-bit npp* c 

h onous counters, delay is more and speed is less. Applying a clock pulse 

* In flin-flops of the counter increases the speed of operation, 
to all the nip r 

uit is a clocked synchronous circuit, in which the output T depends 
, Moore n C ^ preS ent state of the flip-flops. It is independent of present input(s). 

°" ly ° • uit is a clocked sequential circuit, in which the output depends on the 

* presen^state and the inputs of flip-flops. 

L le diagram is a graphical representation of the state table. The state ts 

* led b y a circle, with the state indicated inside the circle. Directed lines 
connecting the circles indicate the transition between the states when the input is 
L bed and circuit is clocked. The input and output conditions are labeled with 
,wo binary numbers separated by the symbol V along with directed lines. 

. State table shows the output and the next state of sequential logic circuit for all 
the possible combinations of present state and input(s). 

. Two states are said to be equivalent if for each input condition, the outputs and 
next states are same. 

. If the present state and the next state are specified by alphabets, then binary values 
are assigned for the alphabets. If the number of alphabets is AOh en n 
required to represent the alphabets in binary, such that 2" > M. e eas va 
n is selected. 

• The circuit which generates the desired sequence of bits in synchronou 
with a clock is known as a sequence generator. 

• The sequence detector is a logic circuit which detects the desired seq 

































elements, whit 1 js rcp resented by two states, logic n 

Flip-"«P ,n h f‘tZc'"'«° reS tHe diUa in ,em,S ° f ° ° r K This mem* ' 0& 

' *“*' llv referred as a flip-flop. ** *•» 

is common y sin , p | e S-R flip-flop will be set or reset by ch. 

Clocked S-R fl'P' n P p | ic ations demand a memory cell, which sets orT" 8 ’ hc 
inputs 5 and R- M<** ^ P ^e clock is nothing but a train of pulses . ° r **U in 

evnehronous wit ’ . lin -i Ar .. 


■ 

■■■i'— w ith the cIock. i i*v-—. - t train of pulses. 

sy „c" r nnous fl . nop. Q„,1 = Jn. under the condition that K inn 

1) flip-flop when K„ input is complement of J„ input; then th e 

complement of J. V ^ fcy (he amoun t of clock. Such a flip-flop is kn ®* 
is same as input J. D flip-flop is obtained from the J-K fiin.n, 35 

delay ^P^P^aJhetween the 7 and K input of J-K flip-flop. ' P 

It has a single input. The output of T flip-flop is either same or conip lcmem 

nf the previous output. 

I flin flop When the output of a flip-flop change ,n presence of a clock pu ]se 
Triggered flip-A P |cveMngge red flip-flop. In some of the applications, it is required 
then it is k u "°* of flip-flop should respond, when the clock changes its state, 
that the output o ^ ^ ^ memQry ce „. whic h stores one bit of digital data 
Registers The P ^ ^ mofe (han one 5j , of digital data. An array of flip. 
A S roup ° . as a Agister The data can be entered and retrieved in serial or parallel 


EXERCISE 


Review Questions 

1 Explain the following flip-flops: 

(a, Clocked R-S (b) J-K with preset and clear 

<c) Master-Slave J-K (d) D-type and T-type 

2. Design a 4-bit binary up/down ripple counter. 

3. Explain the basic flip-flop circuit for R-S using 

(a) NAND gates ( b ) N0R 8 ales 

4. Design a 3-bit binary up/down counter. Draw its timing diagram. 

5. Design the conversion logic to convert a J-K flip-flop to D flip-flop. 

6. Design and implement a Mod-6 synchronous counter using J-K flip fl°P 

7. Design a pulse train generator using shift register for the pulse train 11 


8. Write a short note on race-around condition in J-K flip-flop. 

9 Design and implement a Mod-5 synchronous counter using J-K flip ^ 1 
l0 - Desi & n a P uls e train generator using shift register for the pulse train 100( 
11 • Draw a neat circuit diagram of clocked J-K flip-flop using NAND gates, 
its truth table and explain race-around condition. 


1*. EXP a j n Mod-5 synchronous counter using T flip-flops. 

J ' K . nd imP lenien 

, pesig n J . a u p/down counter. 

1 oeS ign a M 0 *' r a Mo d-6 synchronous counter using D flip-flop. 

',7 D‘ sign ^^synchronous counter using J-K flip-flops. Use K-maps. 

. pesig" a 4 ' b Jvnchronous counter is faster than a ripple counter. 

ex plain wW 2 J between truth table and excitation table? 

' What is ‘ he d ' nip . nop is converted into D flip-flop and T flip-flop. 

„ Expl ain h ° W “ ’ Hiaera m of a 4-bit shift register. Explain how shift-left and 

shlf ;,h a neat diagram 


W 3 b,t Ip down counter using T flip-flop 

(«) 3 ‘ bil " PP ' input data pattern is loaded into a 4-bit ring counter. Sketch 

2 4 . Assume that 101 I P wavefo rms. (Assume positive edge mggenng.) 

the resulting unWersa , sh if t register? Explain with the help of function 

25 . What is meant oy ^ ^ unWersal shift register 1C. 

lable , the wor . g Qf a 3 b . t Johnson C 0 U nier. Draw the relevant output 

26. Draw a neat circuit u g 

waveforms. of Master-Slave J-K flip-flop using NAND gates. 

27 . Draw a neat C1I = U ' 1 d ‘ f • cuit for the following conditions of J and K inputs. 


CLK 

J 

HI 

0/P(Qn.l) | 

0 \ 

l 

o 1 

rn 

1 

1 

l 

L 1 J 


eXp6Cted) f \ n m S R (ill) J-K to S-R 

(i) S-R to D ( u ) D to S R 

29. With a suitable example, explain Moore and Mealy circuits. 

30. Write notes on 

(Vri State table 

(a) State diagram ^ ’ . 

(0 State reduction «> S “ 

31. Explain the precede,e dealpp and «»l,» 

32. Write and explain the steps to design a sequence g ^ 

33. Write and explain the steps to design a sequence Fie 5 J 64 using J- 

34. Design a sequential circuit for the state diagram s 












Fig. 5.164 


35 With the help of state table and state diagram, design a Mod-9 up/down cou nlet 

36 Design a clocked sequential circuit for the state d.agram shown i„ Fig 5 ^ 
using J-K nip-nop. 



37. Design a sequential generator to generate the sequence 0^>3->4->6->l-V7->5 
using T flip-flop. 

38. Design a circuit to generate the sequence 0->2->5->4->7->3. 

39. Design a sequence generator to generate the sequence 0->2-»3->4->l and 
avoid the lockout condition using J-K flip-flops. 

40. Design a sequence generator to generate the sequence 101101100 using D 
flip-flop. 

41. Design and implement a sequence generator to generate the sequence 1 101000 
using a clock sequence circuit and R-S flip-flop. 

Multiple-choice Questions 

Select the correct alternative 

1 Placing an inverter between the inputs of an S-R flip-flop makes it a.* ^ 

flop. 

(a) J-K 
(c) T 


(b) D 

(d) Master slave J-K 


Thc ch^ c ' (b) Q + = TQ + QT 

(a) <2 (d) Q^-TQ 

( c) e t=TG . . . 

A(1 r-S l atc * 11S a) c j rcu it (b) synchronous sequential circuit 

4 (a) c ° mb ' n ^' 1 ory element (d) one clock delay element 

(c) l ' bit mC n n t ’ er followed by a Mod-5 counter is. 

A M° d ' 2 C ° U ., nd _ 5 counter followed by a Mod-2 counter 

<») same as aw 
b a decade counter 

S Mod-7 counter 
( ’ „„ of the above 

(d) " a 16 ripple counter uses a J-K flip-flop. If the propagation delay of 

, A 4 -bit Mod-1 ^ he max i m um clock frequency is equal to. 

each flip'" 0 ? 15 50 ’ (b) 10 MHz 

(a) 20 MHZ (d) 4 MHz 

(c) 5 MHz fr e qU ency of 1 MHz is counted using a Mod-1024 ripple- 

7. A pu' se it h J-K Hip-fop. For proper operation of the counter, the 

C0U " ,e ,^“permissible propagation delay per flip-flop stage is.ns. 

maximum v (b) 50 

( a) 100 (d) 10 

20 , , K f,: fi 0 n i s l The output does not change when a clock 

8 - 2S3S2 The inputs 7 and K will be respectively. 

pulse is app (b) Xand0 

« (d) ° and 1 

( C ) 1 and 0 

9. A divide-by-78 counter can be realized by using. 

(a) 6 Mod-13 counters 

(b) 13 Mod-6 counters 

(c) 1 Mod-13 counter followed by 1 Mod-6 counter 

(d) 13 Mod-13 counters 

10. in sequential circuits, the outputs at any instant of time depen . 

(a) only on the inputs present at that instant of time 

(b) on past output as well as present inputs 

(c) only on the past inputs ^ 

(d) only on the past outputs 

11. A ring counter is same as. 

(a) up-down counter (b) parallel count 

(c) shift registers W) none theSe 

12. The number of flip-flops required to build a Mod-15 counter is 

. (hi 5 
















Answers 


Sequential Circuits 


i Chapter Outline ■ 

of asynchronous sequential circuits and their classification 

# Basic c0nCeP damenta | mode and pulse mode asynchronous sequential circuits 

# Desig n of fun chron0 us sequential circuits: Cycles, Races, and Hazards 

# problems^L?^——- ~ 


of two types, namciy uyiHt/iKuui/Mu. .-.- 

Digital circui ^ been discusse d in Chapter 4. In sequential circuits, the output 

combination ctrc^ ^ inputs as weU as the pas t inputs and outputs. A 

is depends V ^ classifled into synchronous and asynchronous circuit, 
sequential c sequentia , circuit , transitions from one state to next state are 

l " i hv clock pulse; but in an asynchronous sequential circuit, transitions 
fromone state to next state are not controlled by clock pulse-transitions occur 

W ^SequentiTi r circuits^hhout c^ock^ulserare'called asynchronous sequential 
circuits It can be classified into two types; fundamental mode asynchronous 
sequential circuits wd pulse mode asynchronous sequential circuits. In fundamenta 
mode circuits, inputs and outputs are represented by levels, and mpu^e mode 
asynchronous sequential circuits, inputs and outputs are represented by pulses^In 
the design of synchronous circuits, it is assumed that a change occurs n only one 
oftheinputandnochange occurs in any other inputs untilthe circuit enters a «t*le 

state. A block diagram of an asynchronous 

The level signals applied at the input lines nr • na i s 

devices, namely F„ " .... F, are called .he « of .he chom. The «*> W* 

> h. I.. I. are .he input stale variables of .he circuits. T e eve 6 ^ ^ ^ 

appear at the outputs of the combinational circuit, name y i. 2 - " 

outputs of the entire circuits, and the signals that appear at t e*npu 
devices Y h Y 2 ,..., Y k are called the excitation or next state vana 











Memory devices 


Fig.6.1 Block diagram of asynchronous sequential circuit 

In an asynchronous sequential circuit, the circuit is said to be in stable « a , 
the outputs of memory devices become equal to their inputs (F t = K, for is ”+ if 
k for a given set of inputs). If there is a change m the inputs, then the combing; 
circuit produces a new set of excitation variables, Y u Y 2 ,..., y h a , the inpS 
memory devices and the circuit enters into an unstable state. When the outnut, 
memory devices become equal to their inputs, the circuit is said to enter the next 
stable state. 


6.2 FUNDAMENTAL MODE ASYNCHRONOUS SEQUENTIAL 
CIRCUITS _ _ 

In fundamental mode asynchronous sequential circuits, the inputs and outputs are 
represented by their levels rather than pulses. Designing a fundamental mode 
asynchronous sequential circuit requires the following steps: 

• Formulate what the circuit has to do, from the problem definition. 

• Develop a primitive state table and specify the outputs that are associated 
with the stable state. 

• Minimize the primitive state table by merge process. It is the process of 
identifying those primitive states that are related by input sequences and can 
be combined together into a single stable state, i.e. finding the states that can 
be put together in the same row of the excitation map. At the end of this 
merge process, the number of rows will be reduced. 

• Assign state variables (i.e. secondary variables) to the rows of merged 
primitive state table and obtain the present state/next state and output table. 
The outputs assigned to the unstable states vary according to the design 
requirements. 

taW^nlJ 16 '^ memor T dement to be used and obtain the excitation and output 
e - tarn the simplified expression of the excitation and output function. 

Draw schematic circuit diagram. 


O Th e 

from 


. .* --, r ~ ■’ “><= output changes 

1. ^ 0Utpul stays at 0 until the circuit goes back to (0, 0). 


,ion , ve state table for the given requirement can be constructed as shown in 
Table 6.1 Primitive state table 


fable 6.1- 




Next state, 

Output 


Ro»' 

i,h=° 

1,I 2 = 0 1 

hh = i n 

iih=io n 


0,0 

2 


3 

1 


<2>,1 

4 


2 



4 

(D,l 

3 



®,0 


4 

1 

©,0 

4 


5 






1 


4 

©,0 

6 




-J--- 


• Hy both the inputs are 0 (i.e. I x = l 2 = 0), and the circuit is said to be in a 

blestate 1 represented as ©, 0, where the circle represents the stable state and 

^When/i remains same at 0 and I 2 becomes 1, the circuit enters a stable state 2 
d its output is 1. This is represented as <D, 1 in the second row. In the first row, 

^ ncircled 2 is entered to indicate that a transition to © state will occur as a result 
of the input change from 00 to 01. The uncircled 2 represents an unstable state. 

Similarly, when l\ becomes 1 and I 2 remains same at 0, the circuit enters a stable 
state 3 and its output is 1. This is represented as®, 1 in the third row. In the first row, 
an uncircled 3 is entered to indicate that a transition to ® state will occur as a result 
of the input change from 00 to 10. The uncircled 3 represents an unstable state. 

When the circuit is in stable state ® or ® (i.e. / l / 2 =01 or /i J 2 = 10) and the other 
input also becomes 1 {I { I 2 =11), then the circuit is in stable state © with output 0. 
This is represented as ©, 0 in the fourth row. In second and third rows, an uncircled 
4 is entered to indicate that a transition to © state will occur as a result of the input 
change from 01 to 11 or from 10 to 11. The uncircled 4 represents an unstable 
state. In an asynchronous circuit, both inputs cannot change simultaneously, hence 
stable states 5 and 6 are shown in Table 6. 1 . 

When the circuit is in ©, and I \becomes 0, then the circuit enters © with output 
0. When / 2 becomes 0 too, it will go to the initial state. Similarly, if the circuit is in 
and / 2 becomes 0, the circuit enters © with output 0. From here, when I\ becomes 
0 * it will goto©. 

To complete the partial primitive state table, the transitions from every stable 
slale f° r each change in the input should be specified. Since two inputs are not 
flowed to change simultaneously, a dash is entered at such places. 










































Table 6.2 Minimized state table 


Row 

number j 

<55 

55 

II 

Next state , 

l,h = 01 

1 

2 

©,0 

1 0 

(2), 1 

<D,0 



can be assigned to row 1 and row 2, respectively. The present sta te / ne ‘^nd I 
output table is given in Table 6.3. ate and 


Table 6.3 Present state /next state and output table 


Row 

number 


Next state y 

Output — 

1,1 2= 0 0 

ii 

C 

I 1 I2 = / 1 

tlh* fiT" 

0 

1 

00 

00 

0 1 

1 0 

1,0 

1,0 

C0 


The present state/next state and output table can be obtained by replacing ev 

circled entry in the first row by 0 and in the second row by 1. The unstable siatel 
in the first row is assigned 1, since it must go to stable state 4 which belongs t 
second row. Similarly, the unstable state 1 in the second row is assigned 0. ° 

If a delay flip-flop is used, then an excitation and output table is generated as 
given in Table 6.4. 


Table 6.4 Excitation and output table 



D,Z 

Y 

5* 

II 

II 

*>N. 

Ilh = 11 

llh=10 

0 

00 

0 1 

1,0 

0,1 

1 

00 

1 0 

1,0 

1,0 


The K-maps for the function (D) and output (Z) with inputs /j/ 2 and Y are as 
shown in Fig. 6.2. 


V '2 \Va 

A oo oi ii io A oo oi ii io 


0 0 

0 

r i 

1 

1 

0 

0 

0 

□ 

0 

\T\ 

L_i 

1 0 

. 

1 







1 1 

. i” 

i i 

l 

0 

0 

0 

0 


(a) K-map forD (b)K-mapforZ 

8 2k map simplification for excitation and output functions 


F(7|/2 + / i^) 

s f(/i®'2> (6.2) 

rcuit diagram for the given asynchronous sequential circuit is shown in 



Fig. 6.3 Circuit diagram of Example 6.1 


Example 6.2 Design an asynchronous sequential circuit with two inputs, I x 
and / and one output, Z. Initially, both inputs are equal to 0. When /, changes 
from 0 to 1, Z becomes 1. When / 2 changes from 0 to 1, Z becomes 0. Otherwise, 
Z is 0. Realize the circuit using J-K flip flop. 

Solution 

The primitive state table for the given requirement is given in Tables 6.5. 


Table 6.5 Primitive state table 


Row 

number 


Next state , Output 

=Z 1 

*•« 

ii 

© 

I,I 2 = 01 

uh=n i 

l,I 2 =10 

1 

(D,0 

3 

1 

2 

2 

1 


4 

0,1 

3 

1 

<D,0 

5 


4 


3 

®,0 

6 

5 


3 

(D,l 

6 

6 

1 


4 

<D,0 























































































asaresult of the input change from 00 to .0. The uncircl ed 2 

“"'sim'la^when h remains same at 0 and I 2 becomes 1 , the c 
stables tate 3 and its output is 0. Th.sts represented as ®, 0 inthe fo C ^n ters # 
L first row. an uncircled 3 is entered to md.cate that a transition to ® ** In 
occur as a result of the input change from 00 to 10. The uncircled 3 repr ^'ll 

""when the circuit is in @ and the other input also becomes l(/,/ 2= j n 

circuit enters © with output 0. This is represented as ©, 0 in the fourth row > 

second row, an uncircled 4 is entered to indicate that a transition to © wi „ ' ln,t * 

a result of the input change from 10 to 11. Cc uras 

When the circuit is in ® and the other input also becomes 1 (/,/ 2 =,,. 

he circuit enters © with output 1 because /, changes from 0 to 1. 

. j ^ tinthp fifth row. In the third row, an uncircled s ie 1S ,s 

3 ,s entered t„ 


the circuit enters ^ --r- - 

represented as ®, 1 in the fifth row. In the third.. 
indicate that a transition to ® state will occur as a result of the i 


01 to 11. 

When the circuit is in ® or (D and if I\ remains same at 1 and I 2 becomes 0, then 
the circuit enters a stable state 6 and its output is 0. This is represented as ©, o i n the 
sixth row. In the fourth and fifth rows, an uncircled 6 is entered to indicate that a 
transition to © state will occur as a result of the input change from 11 to 10. 

A circled entiy and an uncircled entry can be combined to minimize the primitive 
state table by merge process. The outputs associated with unstable states correspond 
to their stable states. The minimized state table is given in Table 6.6. 


Table 6.6 Minimized state table 


Row 

Next state , Output 

ii 

•C 

l,h = 01 

i,h=u 

l,h = 10 

1 

©,0 

3,0 

4,0 

®,1 

2 

1,0 

(D,0 

®,1 

6,0 

3 

1,0 

3,0 

©,0 

©,0 


Since there are three rows in the merged state table, a 2-bit variable can be used, 
(X) assigned to row 1,01 assigned to row 2, and 10 assigned to row 3 . The present 
state/nm state and output table is given in Table 6.7. The unstable states are assigned 

00/01/10 according to their stable state. 


Table. 6.8 Excitation and output table 


u 

<N 

•c 

J, K h J 2 

h1 2 =0 1 

* 

K> 

II 

/,/ 2 = 10 

0 x, 0 X, 0 

0 x, x 1,0 
x l,0x,0 

0 x, 1 x, 0 

0 x, x 0, 0 

x 1, 1 x,0 

1 X, 0 x, 0 

0 x, x 0, 1 

x 0, 0 x, 0 

0 x, 0 x, 1 

1 x,xl,0 

x 0,0 x, 0 


a in Fig. 6.4. 


The excitationTunction 
is shown' 

YJ: 


y '%o 

01 

11 

10 


00 

01 

,11; 

10 

Y, y ' '' , 

00 

01 

11 

10 

sA't 

y.iV^ 

00 

01 

n 

10 

0 

0 

nr 

0 

' 2 00 

1 x 

X| 

X 

X 

-oo 

0 

rr. 

0 

0 

0 

0 

0 

\\] 

01 

• X 

X I 

X 

X 

01 

X 

4 

X 

X 

X 

X 

X 

!xj 

11 

1 x 

X 1 

X 

X 

11 

X 

: x i 

X 

X 

— 

X 

X 

fx': 

X 

10 

i i 

1J 

0 

0 

10 

0 

i ij 

0 

0 


K-map for Jj 


K-map for 


K-map for J 2 


^2 

00 

01 

11 

10 

vVl 
y y \ 

00 

01 

11 

10 

Y\ In 

1 2 00 

”xj 

X 

X 

fx” 

1 *-00 

0 

0 

0 

ili 

01 

1; 

0 

0 

i 1 

01 

0 

0 

\Y\ 

0 

11 

xS 

X 

X 

jx 

11 

X 

X 

t x; 

X 

10. 

x! 

X 

X 

• x_ 

10 

0 

0 

0 

0 


K-map for K 2 
Fig. 6.4 K-map for J u K 1; J 2 , K 2 > 


K-map for Z 
and Z 


J, = hl 2 Y 1 + l x l 2 Y 2 

h=hh 

k 2 =1 2 

z =h l 2 Y\Y 1 +l x l 1 Y 1 

Using the above equations, the circuit diagram for the given 
can Oe drawn, as shown in Fig. 6.5. 


(6.3) 

(6.4) 

(6.5) 

( 6 . 6 ) 
(6.7) 

asynchronous circuit 
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Fig 6.5 Circuit diagram of Example 6.2 

Example 6.3 Design an asynchronous circuit using J-K flip-flop th 
inputs, Ii and / 2 , and one output, Z The circuit is required to give an ^ ^ 
whenever the input sequence (0, 0), (1, 0), and (1, 1) is received but only iTthaJ 

Solution 

The primitive state table for the given design requirement can be constructed 
shown in Table 6.9. 



Table 6.9 Primitive state table 



The p I - 

rows ' 1 to 6. as shown in^TaWe b'l ^ ^ can minimized by merging the 


'. 10 . 


, hl . re areuiree ■■■ --<=>-- 

Since tne> ^ f0W j t (0 1) assigned to row 2, and (1 

( 00)3 ssigne /nex t state and output table is given in T; 
^sen‘S‘^oj /10 according to their stable state. 

Table. 6.11 Present state/next state and output table 


"Table 6.11. The unstable < 

e. 


is a' 


—— 


Y,Y 2 , 

z 

Y,V 2 

1 112 ~ 0 0 

1,12=0 1 

hh = ll 

hi 2-10 

-— 

00, 0 

01, 0 

10, 1 

00,0 

U u 

n 1 

00, 0 

01, 0 

01, 0 

10,0 

U 1 

10. 

00, 0 

01,0 

10, 1 

10,0 


IfpKflip-floP is used, then an excitation and output table is generated, as shown 
jn Table 6.12. 


Table. 6.12 Excitation and output table 


r,Yi 

j,k„j 2 k 2 ,z 

h h = oo 

h I 2 = 0 1 

hh=ii 

1,1 2 =10 

00 

0 x, 0 x, 0 

0 x, 1 x, 0 

1 x, 0 x, 0 

0 x, 0 x, 1 

01 

0x,xl,0 

0 x, 0 x, 0 

0 x, x 0,1 

1 x, x 1,0 

10 

x l,0x,0 

x 1, 1 x,0 

x 0, 0 x, 0 

x 0,0 x, 0 


The excitation function J\K X ,J 2 K 2* an d Z are simplified using K-maps, as shown 
in Fig. 6.6. 
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1 2 00 
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X 

“00 

0 

IT, 
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0 

01 
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0 

0 

! 1"; 

01 

i x 

X 

X 

X 

01 

X 
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X 

X 

11 

X 

X 

X 

ixj 

11 

1 

X 

X 

X 

11 

X 

• x; 

X 

X 

10 

X 

X 

fx; 

X 

10 

i.L. 

! 

0 

0 
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0 

i ij 

0 
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K-map for J x K-map for K-map for J 2 


y, v\ 

00 

01 

11 

10 

^2 

V 

00 

01 

11 

10 

1 2 00 

x; 

X 

X 

|X 

III-) 

1 “00 

0 

0 

0 

rr. 

01 

1 ; 

0 

0 

i 1 

01 

0 

0 

rfj 

0 

11 

xl 

X 

X 

lx 

1 

11 

X 
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X 

10 . 
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_X] 
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X 

1 

‘X 

10 

0 

0 

0 
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K-map for K 2 K-map for Z 

Fig. 6.6 K-map for J ]f K u I 2 , K 2 an d Z 
































































































































Fig. 6.7 Circuit diagram of Example 6.3 


J\ = hh^i + h I 2 ^2 

(6.8) 

*, = /, 

(6.9) 

J2 = hh 

(6.10) 

*> = J 2 

(6.11) 

z=/,7 2 }'F2+/,/ 2 y 2 

(6.12) 


Using the above equations, the circuit diagram of the given asynchronous circuit 
can be drawn, as shown in Fig. 6.7. 

63 P ULSE MODE ASYNCHRONOUS S EQ UENTI ALCIRCUHj 

In pulse mode asynchronous sequential circuits, the inputs and output are pulses. 
In this circuit, it is assumed that more than one pulse will not arrive at the input at 
the same time, and the duration of the pulses is long enough to cause state transits 
and it is short enough so that there will not be more than one state transition fora 
single pulse. 


'•JvrviaiCU 






vVl . ize t he primitive state table by merge process. It is the process of 
* M ' nin fying those primitive states that are related by input sequences and can 
idenU hi .fed together into a single stable state, i.e. finding the states that— 

COm D1U . _avnifniU_A . _ 


rOlTU> ineUt 6 - r , . . ” 

together in the same row of the excitation map. At the end of this 
pUt cess, the number of rows will be reduced. 


merge 

state variables (i.e. secondary variables) to the rows of merged 
# ASSlgn ve state table and obtain present state/next state and output table. The 

P‘* . j ,„ tV»uncfqhlp ctafpc varv aronrHinn tr> «V,a 


rimiti vesuut - -— 

P #■ c assigned to the unstable states vary according to the design 

outputs eta- 6 

requirements. 

4 t he memory element to be used and obtain the excitation and output 
* k| e obtain the simplified expression for the excitation and output function. 

, Draw the schematic circuit diagram. 
t us consider the design example of pulse mode asynchronous circuits. 


/ 6 4 Design an asynchronous circuit that will output only the second 
nuke received and ignore other pulses. 


The block diagram of the asynchronous circuit is shown in Fig. 6.8. It has a pulse 
n ut and one output. As per the given design requirement, only the second pulse 
received in the pulse input should be available at the output, as shown in Fig. 6.9. 



Fig. 6.8 Block diagram of asynchronous circuit 



The primitive state table for the given requirement can be constructed, 

in Table 6.13. 


































































2 

3 

0,0 

3 

< 3>,0 

4 

4 


®,1 

5 

< D ,0 

6 

6 

5 

©,0 


Initially, the input is 0 (i.e. P= 0), the circuit is in a stable state 1 and th „ 

is 0 . represented as ©, 0. ° Ut|>U1 

When P becomes 1, the circuit enters a stable state 2 and its output is 0 Tt. 
represented as ®, 0 in the second row. In the first row, an uncircled 2 is em ' "* is 
indicate that a transition to ® state will occur as a result of the input chamJw 
0 to 1 The uncircled 2 represents an unstable state. Iro "> 

When P becomes 0 and the circuit enters a stable state 3, its output is 0 Th 
represented as ®, 0 in the third row. In the second row, an uncircled 3 is entered? 
indicate that a transition to ® state will occur as a result of the input change f ro ! 
1 to 0. The uncircled 3 represents an unstable state. 

When the circuit is in stable state ® and the pulse input becomes 1, then the 
circuitentersastable state@with output 1. This is represented as®, 1 in the fourth 
row. It indicates that the second pulse is available at the output. 

A circled entry and an uncircled entry can be combined to minimize the primitive 
state table by merge process. The primitive state table shown in Table 6.13 can be 
minimized by merging row 3 and row 4, as shown in Table 6.14. The stable state 
and the corresponding unstable states are combined as stable states, and the outputs 
associated with the unstable states correspond to their stable states. 


Table 6.14 Minimized primitive state table 



Next state , Output 

Row 

P=0 

ii 

** 

1 

®, 0 

2,0 

2 

3,0 

(D, 0 

3 

(D, 0 

4, 1 

4 

5,0 

®, 1 

5 

<5>, 0 

©, 0 


' nce there are flve rows in the merged state table, 3-bit variables can be used; 
asJn!?, gned ,0 F0W *’ f 001 ) assigned to row 2, (010) assigned to row 3, (011 
output tab? 0 * 4 and ass ’gned to row 5. The present state/next stat( ' a( * . 

The unstab,e state is assigned 000/00 


ooi 

oio 

oil 

100 


010, 0 
010, 0 
100, 0 
100, 0 


001, 0 
Oil, 1 
Oil, 1 
100,0 


~ n is used, then an excitation and output table is generated, as shown 

IfJ 4Cfhp' t,op 

-Table 6.16- 



j i k„j 2 k 2 ,j 3 k 3i z I 

P=0 

P=1 

000 

0 x, 0 x, 0 x, 0 

0 x, 0 x, 1 x, 0 1 

001 

Ox, 1 x, x 1,0 

0 x, 0 x, x 0,0 

010 

0 x, x 0, 0 x, 0 

0 x, x 0, 1 x, 1 

oil 

1 x, x 1, x 1, 0 

0 x, x 0, x 0, 1 

100 

x 0, 0 x, 0 x, 0 

x 0, 0 x, 0 x, 0 


The excitation function J i K u J 2 K 2 , J^K 2 , and Z can be simplified using the 
K-maps, as shown in Fig. 6.10. 
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Fig. 6.10 K-map for/!, K v hr K 2 an( * Z 

























































































Using above equations, the circuit diagram of thegiven asynchronous 

can be drawn, as shown in Fig. 6. II. '*«« 



Fig. 6.11 Circuit diagram for Example 6.4 


Example 6.5 Design as asynchronous circuit that will output only the first 
pulse received whenever a control input is asserted from LOW to HIGH state. 
Any further pulses will be ignored. 


Solution 


inn! r c l* a ^ ram asynchronous circuit is shown in Fig. 6.12. It has two 
reliiemr Se 'T 1, and a control in P ut - and one output. As per the given design 
(Zj a f te ,l ' ° n ' ,lle ^ lrst P u * se received in pulse input (P) is available at the outp 
is assened form '- ow “ HIGH sla,e ' *" d ““ 


C on<«> linpU,(C) 
Output ( Z) 



Theprinut^ 

in Table 6->7- 


Fig. 6.13 Timing diagram 
state table for the given requirement can be constructed, as shown 

Table 6.17 Primitive state table 



Next state , < 

Output 1 

Row 

Q 

ll 

© 

© 

•*«< 

© 

ll < 

& 

CP=11 | 

CP=i0 | 

3 1 

1 

2 

3 

4 

5 

6 

7 

8 

©, 0 

1 

l 

1 

1 

L 

<D,0 

2 

6 

<D,0 

2 

4 

5 

©, 1 
<D, 0 

5 

8 

<D,0 

(D, 0 

3 

7 1 
®,0 

7 1 


initially uuui - 1 - 

a stable state 1, represented as ©, 0 . 

When C remains same at 0 and P becomes 1, the circuit enters a stable state 2 
and its output is 0. This is represented as ®, 0 in the second row. In the first row 
an uncircled 2 is entered to indicate that a transition to (D state will occur as a result 
of the input change from 00 to 01. The uncircled 2 represents an unstable state^ 
Similarly, when C becomes 1 and P remains same at 0, the circuit enters a stab e 
state 3 and its output is 0. This is represented as (D, 0 in the third row. In the irst 
row, an uncircled 3 is entered to indicate that a transition to (D state will occur as a 
result of the input change from 00 to 10. The uncircled 3 represents an unsta 
state. 

When the circuit is in stable state (D and the control input (C) becomes , 
the circuit enters a stable state © with output 1. This is represented as » 
fourth row. It indicates that the first pulse is available at the output, n t e 
row, an uncircled 4 is entered to indicate that a transition to © stale wi 
result of the input change from 01 to 11. The uncircled 4 represen 
state. 


















































































Table 6.18 Minimized primitive state tahln 

Next state, Output ~~—- 


It 

Cs 

n 

*•« 

0,0 

CD, 0 

1,0 

<§>, 0 


6,0 

1,0 

2,0 


CP=I , 



The primitive state table shown in Table 6.17 can be minim' 
rows 1,2, and 4; rows 3,6; and rows 5,7, and 8, as shown in Table 6^ 
state and the corresponding unstable states are combined as the stable ^ Slab,e 
outputs associated with the unstable states correspond to their stable 


Table 6.19 PS/NS and output table 



Table. 6.20 Excitation and output table 



J, K,, J 2 K h Z 

CP=00 

II 

CP=11 I CP=10 

00 

0 x, 0 x, 0 

0 x, 0 x, 0 

0 x, 0 x, 1 

: - 

1 x, 0 x, 0 

0 1 

Ox,x 1,0 

0 x, x 0,0 

1 x,x 1,0 

1 x,xl,0 

1 0 

1 1 

x I, Ox, 0 

xl.lx, 0 

x 0, 0 x, 0 

x 0,1 x, 0 

I 1 

xl.xl.Q 

x 1, x 1, 0 

x 0, x 0, 0 

x 0, x 0,0_ 


The excitation function / K 

shown in Fig. 6 14 1 and Z can be simplified using K-maps, 
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K-map for K 2 K-map for Z 

Fig. 6.14 K-map for J v K u ) 2 , K 2 , and Z 


j i = cT + cy 2 

( 6 . 20 ) 

K { = C 

( 6 . 21 ) 

J 2 = CPY\ + CPY\ 

( 6 . 22 ) 

K 2 = CY l +CY ] + CP 

(6.23) 

Z - CPY { Y 2 

(6.24) 


Using the above equations, the circuit diagram of the given asynchronous circuit 
can be drawn, as shown in Fig. 6.15. 

b.4 INCOMPLETELY SPECIFIED STATE MACHINES_ 

In sequential circuits, some of the states are not specified. Such sequential circuits 
are known as incompletely specified state machines. In sequential circuits, not all 
combinations of states and inputs are possible. For example, when a machine is in 
a state C, it will never receive a 4 V as input and consequently, the corresponding 
transition and output map may be left unspecified, as shown in Table 6.21, by a 
dash in row C and column 7=1. 


Table 6.21 State table 


Present state 

Next state and output 

1=0 

1=1 

A 

B, 0 

DA 

B 

C,0 

A, 0 

C 

A,0 

— 

D 

C, 0 

B, 0 










































































Fig. 6.15 Circuit diagram 


In some sequential circuits, the state transitions are completely defined but for 
some combinations of states and inputs, the output values may not be critical and 
thus, left unspecified. For example, when a machine is in a state 5, it will receive 
a ‘0’ as input and consequently, the corresponding transition Coccurs, but the output 
values are not critical and thus, left unspecified, as shown in Table 6.22, byadash 
in row B and column 1 = 0. 


Table 6.22 State table 


Present state 

Next state and output 

1=0 

1=1 

A 

5, 0 

D , 1 

B 

C,- 

5, 0 

C 

A, 0 

D, 0 

D 

C, 0 

5,0 


unoreH- ? transit,on is not specified, the behaviour of the machine may become 
any of its 1 e 'u° aV ° id SUC ^ a s * tuat i°n> it is assumed that when the machine is m 
n ° unspecific t Starting states > input sequences are applied in such a wa\ t a 
specified state is encountered except at the final step The output need not be 


c A p b eC ° dentical. Now these two states can be combined and state D is rippled 

.^iitsarc 10 / oo 


> 5 lo -^ able6 - 23 


by 


St^tp tahlp 


present state 

Next state and output 

1=0 

1=1 

' A 

5,0 

5, 1 

B 

C,- 

5,0 

C 

A, 0 

6,0 


r rKO p|PM 5 in asynchronous circuits _ 

7”"7Z; seauential circuits have three major problems: Cycles. Races, 

The asynchronous sc M 


an< 


id Hazards. 


6.5.1 Cycles 

created due to the feedback in asynchronous sequential circuits. When 
Cycles it induces a feedback transition through more than one unstable 

^"and such a situation is called a cycle. The circuit goes through a unique sequence 


f unstable states because of an input change. When a cycle exists in a state table of 
■ n asynchronous circuit, care must be taken to ensure that the circuit terminates in 
astable state. Otherwise, the circuit goes form one unstable state to another until a 
new change occurs in the input. 


6.5.2 Races 

In case of cycles, only one feedback variable is unstable at any time, due to the 
change in an input variable. When two or more feedback variables change value in 
response to a change in an input variable with unequal propagation delay, then a 
RACE condition exists in an asynchronous sequential circuit. Races are of two types: 
critical races and non-critical races. Critical races should be eliminated in a circuit, 
whereas non-critical races may be tolerated. 

Critical races 

Critical races may always go to some wrong state. It is because of diftere 
Propagation delays. Identical circuits with different propagation delays may go o 
different wrong states. Consider the PS/NS table shown in Table 6.24. 










































































uu 

01 

10 

11 


01(4) 

10 ( 2 ) 

10(5) 


11 ( 6 ) 

00(7) 

11 ( 8 ) 


H(IO) 

HOI) 

11 ( 12 ) 


1 corres. 



Assume that the circuit is in stable state 3 (i.e. Y,Y 2= qo , 
y x =01) and input /j changes from 1 toO. Now the next state \ 

.oswitch from 00 to 11 • But due to an unequal propagation delay, 0ne nf 0 ,„ s 

° te variables becomes 1 and other variables do not change f rom th " e of „ ex( 

hence Y,Y, = 0 1. Then the circuit goes to stable state 4. If y, - y _ 
circuit goes testable state 2. Therefore, for an input change, i. e . fro' ,', the "thc 
00 depending on the relative switching speed of the next state variable,v?’ "> 
final state will be either stable state 2 or 4. But both final states, 2 and 4 ar 
for the given input change. This situation is called a critical race, which 
avoided in an asynchronous circuit. mus > be 


Non<ritical races 

A non-critical race problem may always go to a correct final stable state aft e • 
transition through unstable states. It is also because of different propagation del,? 
Consider Table 6.24 and assume that the circuit is in stable state 3 (i.e. y, y i= ^ S ‘ 
Now, if the input changes from /,/ 2 = 01 to 11, then the next state variables^ / 
of the circuit are supposed to switch from 00 to 11. Again, due to propagation delay 
Y,Y 2 becomes either 01 or 10. Therefore, the circuit will either go to state (lO) 0 r 
(11) and finally reach the stable state 12. Such a situation where the correct final 
stable state is reached after a transition through unstable states is called a non-critical 
race. Non-critical races can be tolerated in an asynchronous circuit. 


6.5.3 Hazards 

Combinational circuits used in asynchronous sequential circuits may have unequal 
propagation delays. Hazard is an unwanted transient, i.e. spike or glitch that occurs 
due to unequal propagation delays through a combinational circuit. There are two 
types of hazards: static hazard and dynamic hazard, as shown Fig. 6.16. 


Input - 
Output - 


i_r 




(a) Static-1 hazard (b) Static-0 hazard 

Fig. 6.16 Types of hazards 


(c) Dynamic hazard 


due tn th ^ ard * S . aconc ^ on w ^ich results in a single momentary incorrect outpi 
same ^ I" anlnput variable when the output is expected to remain iin 
tahe hazard is of two types: Static-1 hazard and Static-0 hazard. 


. pYpected to icna.*. - -.. ^ 5lCdU y siate analysis, such 

, 0 utP ut 1 as static-0 hazard, as shown in Fig. 6.16(b). 

* S ^the K-map f° r f unct ^ on ^ = ^^0,1,2,6) as shown in Fig. 6.17 and 
Con sider ondi ng circuit as shown in Fig. 6.18. 

cor feS P° — — 

the nr + AB 





the input ABC = 000, the output 7 = 1 due to the HIGH output of ANDt 
Now when the input ABC changes to 010, Y should remain in the 1 state due 
gate HIGH output of AND 2 gate. Due to a change in the value of input variable B, 
l ° Vng of high output from AND! to AND 2 gate takes place and hence, 7 is 
sW1 C se J t0 rer nain in HIGH state. But, due to an unequal propagation delay, if the 
SU r AND gate output changes to 0 shortly before the lower AND gate output 
hl^mes 1 then during this brief period, 7=0 momentarily. This situation is called 


a static hazard. 

A static hazard can be removed by forming a group of adjacent cells, as shown in 
Fig. 6.19. This leads to a redundant grouping that overlaps both AB and BC grouping. 

The redundant term is AC and the modified circuit is shown in Fig. 6.20. Now, 
when the input {ABC) changes from 000 to 010, the output will remain at 1 state (for 
both 010 and 000 inputs) due to the HIGH output at the AND 3 gate. 



Y= A B + A C +BC 
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V = 1 ( 0 , 1 , 
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Essential hazard (6 -^ } 

It is a type of hazard that exists only in asynchronous sequential 
or more feedbacks. Essential hazard occurs normally in toggi ing t C ' rcuits with ^ 
an operational error generally caused by an excessive delay to a feedh^^'his 
in response to an input change, leading to a transition to an improper Variab l e 
hazards cannot be eliminated by adding redundant gates, same as« ^' Esse nii a i 

Slatlc hazard 


6,6 DESIGN OF HAZARD-FREE SWITCHING CIRn 

Static, dynamic, and essential hazards discussed in the previous section 
eliminated by using different procedures as discussed below. 


c *n be 


6.6.1 Static Hazards Elimination 

As discussed in the previous section, hazard is an unwanted transient, i. e S nik 
glitch that occurs due to unequal propagation delays through a combinational circuit 
Static hazard is a condition which results in a single momentary incorrect output 
due to change in an input variable, when the output is expected to remain in the 
same state. Such hazards occur whenever there exists a pair of adjacent input 
combinations that produces the same output. 

Therefore, to design a static hazard-free switching circuit, we need to consider 
all adjacent input combinations of every pair of adjacent 1 cells and every pair of 
adjacent 0 cells in the K-map of a switching function at least one sub-cube. 

Consider the K-map for the function, f(A, B, C) = 1(0, 2, 4, 5), as shown in 
Fig. 6.21. The corresponding circuits for the simplified sum of products (SOP) 
and the product of sums (POS) expression are shown in Figs 6.22 and 6.23, 
respectively. 

The simplified sum of product (SOP) expression is 

F=AC+AB (6.27) 



Fig. 6.21 K-map with hazard 



f 'g- 6.22 Implementation of SOP expression 


( 6 . 28 ) 




A — 




E> 


fig 6.23 Implementation of POS expression 


t (Fig. 6.23), when the input changes from 11 lto 011 or from 011 
In the circul may m0 mentarily go to 1 state due to the unequal propagation 
tolH’ the rather than remaining constant at 0. As a result, static-0 hazard 

delay » nlhe0g 

is present^ switc hing circuits shown in Figs 6.22 and 6.23 hazard-free, form 
To make ^ cube pa j r G f adjacent 1 cells or adjacent 0 cells. To remove the 
a t least one su ^ in p ig 5 22, form at least one sub-cube pair of adjacent 1 
static-1 haza ^ n P in 6.24 by dotted sub-cubes. To remove the static-0 hazard 

cells, as s ow j east one sub-cube pair of adjacent 0 cells, as shown 

CjJSSd sub-cubes. . . 

The simplified sum of product (SOP) expression is 

FzzAC+AB + BC (6 - 29) 
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Fig. 6.24 K-map for hazard- 
free circuit 




Fig. 6.25 Implementation of SOP expression 


The simplified product of sum (POS) expression is 

F = (A + C)(A + B)(C +B) 


(6.30 1 





















































. In a sequential circuit, the output is dependent upon the pre sent ; 

the past inputs and outputs. uts as ^ 

. A sequential circuit can be classified into synchronous and asynchro 
. In synchronous sequential circuits, transitions from one state to ^ Circ “«s 
controlled by a clock pulse. But in asynchronous sequential circuit Staie ar c 
from one state to next state are not controlled by a clock p u | se . t ra '’, trans 'tio ns 
whenever there is a change in input to the circuit. Sltl °ns 0Ccur 

. Asynchronous sequential circuits can be classified into two typ es - fu 
mode and pulse mode. ndai «enta| 

• In fundamental mode circuits, inputs and outputs are represented b 

whereas in pulse mode asynchronous sequential circuits, inputs and ou! eVels ' 
represented by pulses. puts are 

. In sequential circuits, some of the states are not specified. Such sequential 
are known as incompletely specified state machines. Ircu «s 

• The asynchronous sequential circuits have three major problems, namely c c , 

races, and hazards. es ’ 

• The problem of cycle is created due to the feedback used in the asynchronou 
sequential circuits. 

• When two or more feedback variables change value in response to a change in a 
input variable, then a RACE condition exists in an asynchronous sequential 
circuit. 

• Races are of two types: critical races and non-critical races. Critical races should 
be eliminated in a circuit, whereas non-critical races may be tolerated. 

• A hazard is an unwanted transient, which is created due to an unequal propagation 
delay. 


EXERCISE 


Review Questions 

1 . Differentiate synchronous and asynchronous sequential circuits. 

2 . Explain the fundamental and pulse mode asynchronous sequential circuits. 

3. Describe the design procedure for asynchronous sequential circuits. 

4. Explain the problems in asynchronous circuits. 

5. Describe cycles in asynchronous sequential circuits. 

^ ^ at y° u mean by critical and non-critical races? 

8 n ff 1 are .^ C ^ erent ^pes of hazards in asynchrous circuits? 

9 E • nl ' atC Slal ’ c an( * s tatic-l hazards with waveform. 

10 Def tfle met ^ ods t0 eliminate static hazards in an asynchronous circuit. 

ne races in asynchronous sequential circuits. 




tiops. 

a sequential circuit using D flip-flops to find each of the follrw 
,3. P esig ” in a serial input signal (/). Whenever the sequence is found 

be 1 . (a) 110 (b) 0011 (c)101 ° P 

itial circuit with two 


- - ~ io nna each of the folw ■ 

,. - in a serial input signal (/). Whenever the sequence is found 

seqU uld be 1. (a) 11° < b > 0011 ( c » 010 oulput 

fjTan asynchronous sequential circuit with two inputs,,, and 7 2 ,and two 

l4i Design ^ and ^ for th e following specifications: 

0U ‘ P “ tS ,'/, 1 00, the output Z,Zj = 00. When /, = 0 and the / 2 changes form 0 to 
^ output Z,Z 2 = 01 When l 2 = 1 and /, changes form 0 to 1 , the output Z.Z, = 
0 Otherwise, the output is constant. 

Q btain a static hazard-free asynchronous circuit for the following switching 
func “° n /= £(0, 2, 4, 5, 8 , 10, 14) 
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Algorithmic Stat e 
Machines 


i Chapter Outline 

. Basic concepts of construction of ASM charts for sequential circuits 
. Methods of realization of ASM charts 
. use of RTL notation for describing sequential circuits 
. Realization of data and control sections from RTL code 
. imp ortance of VHDL and its basic constructs 


7 1 INTRODUCTION _ 

Any digital system design can be divided into two distinct parts. The part that deals 
with data processing operations is referred to as data section and the other that 
deals with control signals generation and supervision is referred to as the control 
section. 

The data section and the control section of a digital system is shown in Fig. 7.1. 
The data section manipulates the data in the registers according to the system’s 
requirements, while the control logic generates properly sequenced commands to 
the data section. 


Status signals 


External Input 

inputs data data 

Fig. 7.1 Data section and control section of a digital system 
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Data 
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The control section is a sequential circuit which generates control s je a 
(commands) for data processing by considering the status signals and externa 1 
signals at any given time. Thus, depending upon the status and external input sig 
6 se ^ uent ' a l circuit goes to the next state to initiate further operations. 


in tn ^control sections anuuaiasecuons.it includes the use of ~" a,c 

al^h ne (ASM) charts. Register Transfer Language ^ 

State Ma c ^ ^ ^ hardware description language like VHDL. ’ d an 

ifl trodu ct, ° 

AL g2^I _ HMIC STATE mac HINES _ 

^^j^iicstaternachine (ASM) or simply ~state machine is another name used 
M nuential circuit. These names are used when the sequential circuit is used to 
fofa I a digital system that carries out a step-by-step procedure or algorithm 
C ° n necial type of flowchart is called a state machine flowchart or SM chart or 
uhart The ASM chart technique uses a superior notation, especially while 
• C ine synchronous circuits. As the name suggests, all the controllers are the state 
tones into which the algorithms are translated. ASM chart is basically composed 
m f duee basic elements: (i) state box, (ii) decision box, and (iii) conditional box. 


7.2.1 State Box 

state in the control sequence is indicated by a state box. The state box is 
ctangular in shape within which the output signals, which are generated or the 
reC j s ter operation which should be carried out in that state, are written. The name 
orihe state and the binary assignment of the step are written at the upper left and 
right comer of the state box. Figure 7.2 shows a state S 0 with binary assignment 
010 which generates an output Z = 1. 

Each active edge of the clock causes a change of state from the previous state to 
the next state in a synchronous sequential circuit. A change in clock from 0 to 1 is 
active edge for positive trigger logic, and from 1 to 0 is active edge for negative 
trigger logic. The state changes, as shown in the state diagram (Fig. 7.3), are 
represented using ASM chart state boxes (Fig. 7.4). 


So 

, 010 


Z 

= 1 


1 


Fig. 7.2 State box of S 0 




Fig. 7.4 Statediagram 
using ASM chart 


state box 





































Fig. 7.5 Representation of state changes on the time axi 

7.2.2 Decision Box 

A decision box is a diamond-shaped box with two or more exit paths as h 

Fig. 7.6. It expresses the conditions on the inputs which decide the st at Sh °"' nin 
The input condition, which is to be tested, is written inside the box. Gene C ^ ai) ® e ' 
condition written inside the box is a Boolean expression that is evai*"* ‘ he 
determine which branch to take. a,ed to 

The symbol shown in Fig. 7.6 is incorporated in the ASM chart by append 
to a state box. Then the present state and the condition of the input sel^’ 1 
corresponding exit path and thus decide the next state. cl the 

The state diagram with a condition is shown in Fig. 7.7 and its ASM ch 
representation with the use of decision box is shown in Fig. 7.8. 



fig. 7.8 ASM chart representation for State diagram (Fig- 7.7) 
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if* 


= l 


State 


State 


Fig- 


7.9 Representation of conditional state changes on time axis 


2 3 Conditional Box 

' ’ditional box is an oval-shaped block in the ASM notation which is used to 
A 'lent the output produced during a state only when a certain input condition is 
fied Hence the input path to the conditional box must always come from one 
sal 'L exit paths of a decision box. Figure 7.10 represents the conditional output 

eneration using a conditional box. 

g The state diagram with a conditional output is shown in Fig. 7.11 and its ASM 
hart representation with the use of decision box and conditional box is shown in 
Fig. 7.12. 



fig. 7.11 State diagram with 
conditional output 


Fig. 7.12 Representation of conditional 
output on ASM chart 


7.2.4 ASM Block 

An ASM chart is constructed from an ASM block. It is a structure which represents 
one and contains diamond-shaped decision boxes and oval-shaped conditio 

boxes associated with it. An ASM block has one entrance path and one or more exit 











































the binary information written along the I.nes connecting the two state, ' 
hart with only unconditional outputs ts equ, valent to a Moore mac > A " A $M 
conditional outputs are present m Mealy machmes. " e - ^ 

The conditions in decision boxes define which path(s) is fo|| ovved 
ASM block. The path through an ASM block from entrance to exit is ’ he 

a link path. 

The following examples demonstrate how an ASM chart is drawn f rom th 
specifications. We will discuss the realization of ASM in the next secti 0n nitial 


Example 7.1 Draw an equivalent ASM chart for the state diagram sh 0 
Fig. 7.13. It has four states and two inputs, * and y. Wn >n 



Fig. 7.13 State diagram 


Solution 

The sequential circuit has four states with binary assignments as 00,01,10, and 11. 
Let us consider state S 0 = 00, S] = 01, S 2 = 10, S 3 = 11 
Figure 7.13 shows that there are no outputs generated within the states or on the 
transitions, hence the ASM chart will not contain any conditional output block 
and all the state boxes are empty. The ASM chart will contain four state boxes and 
the transition between them will be through the decision boxes corresponding to 
the input conditions written on the transitions in the state diagram. The ASM chart 
for Example 7.1 is as shown in Fig. 7.14. 



Example 7.2 Draw an ASM chart for a modulo-4 UP/DOWN counter having 
the state transition table as given in Table 7.1. 


Table 7.1 State table 


Present State 

Next State 

X = 0 

X = 1 

00 

01 

11 

01 

10 

00 

10 

11 

01 

11 

00 

10 


According to the state table, the circuit has a control input X for deciding the UP/ 
DOWN counting mode, such that 
X = 0 UP counting 
X= 1 DOWN counting 













































does not nave -7 

Let us draw the ASM chart from the 
initial state of the counter as 00 (So)- As 
controlled by the input line*, it will either 
go to state 01 (S,) or state 11 (S 3 ) in UP 
and DOWN counting correspondingly. 

This is represented in the state diagram, 
as shown in Fig. 7.15. 

The complete ASM chart is as shown in Fig. 7.16 


F'g- 7.15 



State diagram 



that wHI nnrf » DeVC, ° P an A $M chart for a controllable waveform generator 
any one of the four waveforms, as shown in Fig. 7.17. 



(When *,*2 = oi) 


(When X x X 2 = 11) 

(WhenX,* 2 =lO) 


^^controllable waveform generator generates one of the waveforms, as shown 
Fig. 7.17, according to inputs X h X 2 The block diagram of a controllable waveform 
enerator is shown in Fig. 7.18. It has two inputs X h X 2 and one output Z. 


Xl 

Waveform 

Generator 

Z 

x 2 







CLK 


Fig. 7.18 Block diagram of controllable waveform generator 

The period of first two waveforms is four clock cycles. The periods of third and 
fourth waveforms are two and three clock cycles, respectively. 

The ASM chart for the waveform generator will have four states, where one 
state will correspond to one clock cycle of the waveform with the longest period. 
For each state, the output will be conditional on the values of inputs present at that 
time. 

The ASM chart of the controllable waveform generator is shown in Fig. 7.19. 

As noticeable from the waveforms, the output is at logical 1 for the first clock 
cycle in all the output waveforms. Hence, state T 0 contains Z = 1 as the unconditional 
output. In the second clock cycle, the output is low in waveform 3 only and high 
for all .others. Hence in state T { , output Z= 1 only if X\ *X 2 * 1. Similarly, in state 
h output Z = 1 only if X x X 2 = 01 or X { X 2 =11. Hence, the conditional output is 
generated only if X 2 = 1. For X x X 2 = 10, the fourth state is not used and the transition 
leads to the initial state T 0 . Otherwise, the circuit goes to state T 4 for which the 
output Z=0 (always zero). From F 3 , the circuit returns to Tq so that the waveforms 
ma y be repeated. 





























































The ASM chart indicates that the combinations of input variables (X,^) Use( j 
for 7b, T \, Ti and T 3 state assignments are taken as 00,01,11,and 10 for convenience 

7.3 REALIZATION OF ASM CHARTS _ _ 

An ASM chart provides all the information necessary 'o design a digital system. 
The requirements of the design of the data section are given inside the state and 
conditional boxes (outputs). The control logic is determined from the decision boxes 
and the state transitions. 

A state generator is constructed from a given ASM chart. This state generator 
records the present state and generates the next state. Thus, the control section design 
using this state generator follows the same procedure of designing a sequential circuit, 
as discussed in earlier chapters. However, in some cases, this method is not suitable 
due to a large number of states and inputs. 

The different techniques used for synthesizing the circuits are described using 
ASM charts. These techniques are: 

1 • Traditional synthesis using flip-flops and decoders 
^ ulti P lexer controller method for synthesis 
* One shot method of synthesis 

• AS Msynthesis using ROM/PLA devices 


Tr adiT'” ,,M - -- 

^ hive seen, the ASM chart resembles a state diagram where each state box 
A 5 1 , 1 a state- The state diagram can be converted into a state table from 2 
^ circuit of the controller. 

followed in the traditional synthesis are same as that of a sequential 

Tit These steps are: 

Clf n binary values to each state in the ASM chart. 

'• S the state table from the ASM chart in a suitable form (considering 

don’t-care input conditions). 

Determine the number of flip-flops required and assign a letter symbol to 


eau*- 

. choose the type of flip-flop (Generally D flip-flop is convenient to use in 
case where number of flip-flops plus inputs is more, because the input 
functions of D flip-flop can be directly obtained without excitation table). 

5 Using map or other simplification method, derive the flip-flop input functions 
and circuit output functions. 

6 Draw the logic diagram (Circuit realization of ASM chart). 


Example 7A Realize the ASM chart shown in Fig. 7.20 using D flip-flops 
and combinational logic. 



Fig. 7.20 ASM chart 


Solution 

From the ASM chart, it is observed that there are three states, one input (X) and 
two outputs (Z, and Z 2 ). These three states are: S 0 =00, S, =01, S 2 = 10. For three 
states, we need to use two flip-flops (2 2 > 3) for the implementation. Let us have 
•wo D flip-flops with Q A and Q B as their outputs and D A , D B as their inputs. 













































1 

0 

0 

0 


0 

1 

0 

0 


The state table shown in Table 7.2 has columns for presentstat^ 
and outputs. Since we have selected D flip-flops, the next state wilTk^ii, 
flip-flop inputs. Hence, it is directly written in terms of D A an H n 


** and Vsl e easi ^ 


tnp-riop lnpui^. . , • • , 1 ^ an 

state transition does not have a decision box, state transitions 01 '' ,,,v;e ev erv 

are shown with the inpuu(don’t-care). Similarly Z, = ] during state? l0 ^00 

as 1 for both the input conditions (a = 0 and a = 1 ) i n the state table d' 
present state is S 0 and a = 0, or if the present state is S,. ^ = 1 if , he 

From the state table, it is observed that the flip-flop input O ; 

Q b = 0. and a = 0. And the flip-flop input D B is 1, if Q A = 0> q a J' ■ if Q A * o, 
Hence, the expressions for D A and D B are ’ 8 ' an d a = i’ 


Da = x 'Qa'Qb 

- - (7.1) 

D b =x- Q A ’Q B 

(7.2) 

Z, = 1 ifQA = 0, Qb = 0, x = 0, and Q a = 0,Qb = 0,x= 1. AndZ^i ifo - 
Q b = 0, a= 0. and Q A = 0, Q B = 1 , x = X. Hence, the expressions for z, and 2 

Z\ =xQaQ b + xQ a Q b 


- Qa'Qb 

Z 2 =xQ a Q b + Q a Q b 
The logic diagram is shown in Fig. 7.21. 


(7.3) 

(7.4) 



7.21 Logic diagram 


V standard method which can be applied to any ASM chart 

1 ^ A C\4 _1 • 


u is ft su* 11 J 

2- 11 eed j, th e complete ASM chart for its realization. 

3- 11 n L, easy to learn and implement. 


a ltis vef y — . 

• meth od, the design is pitted ,n a regular pattern of three levels of 
ln nents The first level contains multiplexers which determine the next state 
a ’ n ’ P ne the discrete gates used in the traditional method). The second level consists 
(replaC , t ers to hold the present state (similar to flip-flops used in the traditional 
° f and the third level has decoders to provide outputs for each control state 
idng the combinational circuit using gates in the traditional method) 

This method uses a multiplexer for the input to each state flip-flop. Each 
Llexer produces a new input to its state flip-flop. The set of multiplexers 
n ’ U h producing an input to its respective flip-flop, gives the output for the next 
eaC (e The present state code, which is the output of the flip-flops, feeds the select 
i in es of each multiplexer which in turn selects the appropriate multiplexer 
'" P for the next state (flip-flop inputs). 


input 


Example 7.5 Implement the ASM chart shown in Fig. 7.20 using multiplexer 

control method. 

Solution 

From the ASM chart, it is observed that there are three states, one input (X) and 
two outputs (Z t and Z 2 ). 

The three states Eire: S 0 = 00, S\ = 01, S 2 = 10 

For three states, we need two flip-flops (2 2 > 3) for the implementation. Let us 
have two D flip-flops with Q A and Q B as their outputs and D A , D B as their inputs. 
Driving these two flip-flops for the next state generation, we need to use two 
multiplexers, and there must be two select lines of multiplexers because the output 
of flip-flops are connected to the select lines of multiplexers. Let us use a 4:1 
multiplexer; 7 0 , l \, 1 2 , and / 3 are the inputs. The inputs are selected such that we get 
the desired next state 

The state table for the implementation is shown in Table 7.3. 


Table 7.3 State table for multiplexer control 


Present state 

Next state 

Input 

Outputs 

J1a 

Qb 

Da 

Db 

X 

z, 

Z 2 

0 

0 

1 

0 

0 

1 

1 

0 

0 

0 

1 

1 

1 

0 

0 

1 

0 

0 

X 

0 

1 

_1 

0 

0 

0 

X 

0 

0 
























































Zi^xQa'Qb + Qa'Qb 

The logic diagram for the circuit is as shown in Fig. 7 . 22 . 


°-S) 

( 7 . 6 ) 



Fig. 7.22 Logic diagram 


The outputs Zj and 2\ are generated in the similar way as in Example 7.4. This 
combinational circuit can be replaced by using a decoder with x , Q A and Q B as select 
lines. 


7.4 EXAMPLES ON ASM CHARTS 


Example 7.6 Obtain ASM charts for the following state transitions. 

(a) lfx=0, the control goes from state T\ to T 2 . If .v = 1, generate a conditional 
operation and go from 7, to T 2 . 

(b) If x = 1, the control goes from T t to T 2 and then to T 3 . If x = 0, the control 
goes from 7, to 7 3 . 

(c) Stan from state 7,. Ifxy = 00 , go to T 2 ; ifxy = 01, go to T> If xy* 10 ' g °'° 
m; otherwise go to T } . 


)iauun. 


11 ^nditionai opci, 

^is shown in Fig. 7.23. 
c ,he description, there are three 
,b) Fr0in . ...tes 7„ T 2 and T 3 with one 


c .he description, 

^nct states 7„7 2 and 7 3 with one 
d,St i inout .v. When x=l, the control 
extern P ^ (o ^ and to Tj else 

?° eS a conditional operation and 
Jnsd from 7, to T» The ASM chart is 
shown in Fig- 7,24 ' 



Fig. 7.23 


If* -1. the" from. 
T , to T 2 to h 



-lfx = 0, then 




(c) From the description, there are three distinct states T„ T 2 and 7 3 with 
external inputs x and y. When xy = 00, the control goes from 7, to 7 2 ; when 
vy = 01, control goes from 7, to T 3 ; and when xy = 10, control goes from 
7, to 7,; else control goes to T 3 . The ASM chart is shown in Fig. 1 .25. 



Fig. 7.25 ASM chart for Example 7.6(c) 














































































1 


and exit path 1 is taken. 

SolU ‘ i0n h « three input variables and four outputs. From the descrip Uon 
TheS C"s 1 irrespective of input conditions; output is generated du ri „ g ° U,p “t 

IS 31 ex it ® ^ State 

W TeTus f fsreTSstaritng state (initial state) during which A = f 

be represented as in ' ^ w jH be followed by state S 0 and two exit path, , 

as Seated in Fig. 7.27. Input variable,)^ 

P= 1, then output B- 1. 


So _ I 

A = 

n 


Fig. 7.26 Partial ASM chart 



Similarly the variables R and Q are checked and paths are specified. If P = R =i 
or if P = Q = 0. then output C = 1 and exit path 2, which is shown in Fig. 7.28. 




IfP- I and/? = 0 , then output I) = [ and exit path 1 . If P = 0 and Q~ I .** 1611 
tputZ)- 1, and exit path 1. The ASM chart is shown in Fig. 7.29. 


o 



Construct an ASM chart for a digital system that counts the 
fxampk 7.8 a room . People enter the room from one door with a 

number of p ^° Ganges a signal A from 1 to 0, when the light is interrupted, 
photocell that ^ secon( j door with similar photocell with a signal B. Both A 
They leave ,r0 . w j t h the clock, but they may stay on or off for more 

and B are syncnrom«. 
than one clock period. 

Solution system, it can be seen that the counter system will have 

ESSSS increment counter, decrement counter, and inhibit counter, 
tnrecui are given in Table 7.4. 


State 

Operation 

Condition 

So 

S, 

s 2 

Inhibit counter 

Increment counter 

Decrement counter 

(A = 1 andB= 1 ) OR (A = 0 and B = 0) 

(A = 0 and B = 1) 

(A = 1 and B = 0) 


Here state S 0 represents the condition when no one ts either entering tn -, ., 6 
the room or the number of persons entering and leaving t e room 1 . u 0U ^be 
In every state, by checking the conditions of A and , t e nex 1 as shown 
decided for proper operation. The state diagram for the above sy 

The system will go into increment counter state (SO whenever A ^ sam ^ 
and will remain in the same state till the condition on t e i p 
giving the counter increment operation. ^ = l and B = 0 

The system will go into decrement counter state (A) giving the counter 
and will remain in the same state till the input remains t e sa _ ■ pig. 7 . 3 1. 
decrement operation. The complete ASM chart will be as shown 8 













































AB = 01 


Fig. 7.30 State diagram 



Example 7.9 For the ASM chart shown in Fig. 7.32 

(a) Draw the equivalent state diagram. 

(b) Derive the state table. 

(c) Design the control with D flip-flops and gates. 

esign the control with three multiplexers, a register with three flip'fl°P s ’ 
and a 3 x 8 decoder. 



Solution 

(a) From the ASM chart, it is found that the control goes from state T 0 to T x if 
^ = 1 , else state T 0 to T 2 if x - 0 and y = 1. This is represented in Fig. 7.33. 
The control goes from T\toT 2 without any condition. When input F= 1 and 
output Z = 1, the control goes from T 2 and T 3 . Else, the control goes from T 2 
to r 4 . This is represented in Fig. 7.34. 


x = 0 , v = 0 



f, 8- 7.33 Partial state diagram 


x = 0, y = 0 



Fig. 7.34 Partial state diagram 


































































coniroi 

Fig. 7.36. 




0,y = 0 




(b) The state table is shown in Table 7.5. 

Table 7.5 State table 


Present State 

Inputs 

Qa 

Qb 

Qc 

X 

Y 

E 

F 

0 

0 

0 

0 

0 

X 

X 

0 

0 

0 

I 

X 

X 

X 

0 

0 

0 

0 

1 

X 

X 

0 

0 

1 

X 

X 

X 

X 

0 

1 

0 

X 

X 

X 

1 

0 

1 

0 

X 

X 

X 

0 

0 

1 

1 

X 

X 

X 

X 

1 

0 

0 

X 

X 

1 

X 

1 

0 

0 

X 

X 

0 

X 

1 

0 

1 

X 

X 

X 

X 

1 

1 

0 

X 

X 

X 

X 

1 

1 

1 

X 

X 

X 

X 



from the state table, the equations for D A , D B , D c , and Z can be written 
directly by ORing the corresponding minterms as: 

D * = QaQbQcF + QaQbQcF+QaQbQc + QaQbQcE ( 7 ' 7 > 

D “ = & + Q a QbQc + Q a QbQc F 

+ QaQbQcE+Q a Q b Q c ( 7 . 8 ) 

= QaQ b QcX+ QaQbQcE + Q a QbQcE + Q A Q B Q C (7 ' 9) 

= Qa QbQ c F + Q a Q b Q c e (7.1°) 




Fig. 7.37 Logic diagram using D flip-flops and gates 
















































































multiplexers. Let us use an 8 :1 multiplexer; /„, /„ / 2> / , U 

innuts of multiplexers. The inputs of multtplexers are 


inputs of multiplexers. 

get the desired next state. ... ^ ^ 

The state table for developing a multiplexer control is shown i n - 


1 SUe h th a . 


Table 7.6 State table for developing a multiplexer 


1 T abl e 



The present state drives the select lines of the multiplexer. The inputs of the 
multiplexer lines are decided by the next state and the input conditions. Every input 
line is evaluated by ANDing the next state bit to the input conditions and ORing 
such product terms. 

For example, 4 of Mux-1 will be 


I 0 =(OaX Y)v(0aX)v(0aXY) 

= ( 0 ) v ( 0 ) v ( 0 ) 

••• 4=0 (7,11) 

4 of Mux-2 will be 


4=(Oa^F) V (Oa20v(1 aX F) 
= (0)v(0 )vXY 
4 = XF 


(7.12) 


0.13) 


/o =/ 


f Mu* 


1 will be 


j s (0aR A 

= ( 0 ) v(?) 

... 

/0 f Mux -2 will be 

1 , s (lAf)V(0Af) 

,<nv<o) 

... h= F 
/, of Mux-3 will be 

/, =(1 aF)v(0 a £) 
= (F) v ( 0 ) 

• /, =£ 


/ 4 of Mux-1 will be 

/ 4 =(1 aE) v(l a £) 
= (£)v(£) 

... 4 = 1 


/ 4 of Mux-2 will be 

4 = (0a£)v(1 a £) 
= ( 0 ) v (£) 

/. 4 =E 


I 4 of Mux-3 will be 

4 = (1 a £) v (0 a £) 
= (£) v ( 0 ) 

... 4 = £ 


(7.14) 


(7.15) 


(7.16) 


(7.17) 


(7.18) 


(7.19) 


In short, the output of Mux-1 driving flip-flop A, 4= 0, 4 = 0, h = F > 4 - 0- 
h -4 4=0,4= 1, / 7 = 0. The output of Mux-2 driving flip-flop B, 4=^ T, 4=1, 
44=0,4= £,/ 5 = o,/ 6 = 1,4 = 0. The output of Mux-3 driving flip-flop 
c >4= X , /j = 0 , 4 = F, 4 = 0,4 = £, 4 = 0 , 4 = 1 , and 4 = 0 . 
output equation remains same as: 

Z= QaQbQ c F + Q a Q b Q c E 


(7.20) 


































E 



Fig. 7.38 Logic diagram using multiplexer control 


7.5 REGISTER TRANSFER LANGUAGE 


In the previous section, we discussed ASM charts as a means of describing sequential 
circuits which are a bit complex in nature. In practice, there are far more complex 
digital systems, in particular, digital computers. In such cases, ASM charts are not 
sufficient to describe the complete behaviour of the system, whereas the ASM chart 
is a convenient tool for description of the control section of the digital systems. 
Even though the state box of an ASM chart provides informal description of the 
data sections like generation of output or register operations, it does not give one- 
to-one conespondence between the ASM chart and the hardware realization. 

In order to have a close one-to-one correspondence between the specifications 
and hardware realizations, it is preferred to use a notation which preserves this 
relationship for the data section as well as the control section. One such notation 


which is used in MSI circuits for digital systems is Register Transfer Language 

(RTL). It is also referred to as Register Transfer Language (RTL). 

The primary RTL operation is the transfer of information from one pl ace 

another. RTL techniques become very useful when the sequential system consis 

of operations such as transfer of data from one register to another under the control 

In such Slgnals c * lart technique for such a system becomes very te 10 

ln such cases, the Hmitoi -- • .... u., fitting the 


Extema 1 j 

control < 

inputs [ 


J_L 


_t 


Control 

section 


Outputs 


7 39 Digital system with data and control sections 


Fig 


RT LNqTATigNS__ 


- ration of RTL is transfer of information from one place to another. 

primary ope (ations have been developed that describe these primary operations. 
Va riousR TLn ° notations have been discussed. 

;„ thlS section these 

1 Re gister Transfer Statement 

d t0 represent the transfer of contents from register 1 to register 2. 

z ^ x om 
tatement represents that—when a clock pulse is applied, the current 
^Tesister X will be transferred (copied) to register Z. 

C °Th Dt is avalid statement for a 1-bit register transfer as well as an n-bit register 

^example, if A and B are 4-bit registers containing 
A = A[3],A[2],A[l],A[0]and 

B = B[ 3], B[ 2], B[l], B[ 0] 

then the statement A <- 8 implies the following 1 -bit transfers, 

A[3] <r- B[3], A[2] <- B[2], A[l] 4- B[\], and A(014- BIO) 

The 1 -bit register transfer by the statement Z ^ X and the 4 -bit register transfer 
by the statement A <- B results in the implementations shown in Fig. 7.40 an 
Fig. 7.41. 
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‘"RTl 

< 7 - 22 > 


notation as 

A<-B[1Mx 

It is equivalent to 

^3] <_ B[3]. A[2] <— B\2], A[l ] <— B|l], j4[0] «— x 

These operations are performed in one clock input pulse. The co mni 
statement B[ 3:1 U indicates concatenat.on, which is joining together of?* ' n 
of information from different sources into a single unit, or vector of i n f 0 I° Unils 

The corresponding hardware for the above statement can be represented 1!"°"' 
in Fig. 7.42. ^ 



Fig. 7.42 Implementation of a concatenation 


Shift operation 

With the help of register transfer statement, one can achieve a shift operation as 
shown below. In the following statement, 

A<-0,£[3:1] (7.23) 

the operations A[3] 4- 0, A[ 2] B[ 3], /If I] <— B[ 2], and y4[0] <— £[1] will take 

place. 

Thus, the register A will contain the contents of register B , shifted by 1 -bit and 
logic 0 pushed in the MSB (4[3]) indicating a logical right shift operation. This 
implementation is represented in Fig. 7.43. 


CLK CLK CLK CLK 


CLK 







A[3], A[l] A[21, A[0] <r- A[l] 

I'd transfer, since we assume all the flip-flops within a register 
resents a yah slave . Hence, the present values of the outputs are 

1 H' S .,;oeered or m ■ - 


e -trigS ere uts for the required amount of time, 
to^fthe reg' ster 1 /' imo i e mentation of the above rotation statement. 

7 44 shows the F 

fig“ re 


A[ 3] 




D 

A[2] 


D 

A[ 1] 


D 


A[0] 


-o Transfer 
clock pulse 


Fig. 7.44 Implementation of a rotation 

762 logical Operation Statement 

.' ■ a i ODera tions can also be performed on data. These operations include 
inversion, AND ing , and ORing of the register contents. 

Inversion operation 

The invert of register A gets loaded in register X using the statement 

X<r~A 

Let us assume X and A are 3- 
bit registers. Then the operation is 
performed using statement (7.25) 


(7.25) 


[d 



A[2) 

A[ll 

A[ 0 ] 

Q Q 

Q Q 

Q Q 


X[2] 4- A[2] 

/r 

ZC 

A 

X[l] <r- A[l] and 


D ^ 

D 1 


X[2] 

X[l] 

x[0] 

X[0] <- m 

Q 

Q 

Q 1 


. Transfer 
clock pulse 


uc hardware representation 
0 statement (7.25) is shown 
ln % 7.45. 


Fig. 7.45 Inversion and transfer 















































































register. U is give- 

X^-AaB (? 

^ 0 f reoisteM and register B are AND bitwise, and the result; ’ 

performed using statement (7. 

Xf3] <— ^f3] a B[ 3] 


X[2] <-A[2] A 
xih^-^iuabii] 

X|0] <- A[0] a fi[0] 

The hardware representation of statement (7.26) is shown in Fig. 7.46. 
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m 
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A[ 1] 
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"1 

A[ 0] 
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5[3] 
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D v 

B[ 2] 

2 

D V- 
B[l] 
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1 

fi[0) 

Q 












x 

r 

-« iranster 

clock pulse 


D V i 
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D V 
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D V 

Afl] 

D V 
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Fig. 7.46 ANDing and transfer operation 


ORing operation 

ORing operation in RTL is represented by a V’ sign. The statement in RTL indicates 
the ORing of two registers and transferring the result to the destination register. It 
is given as 

K<-Av# (7.27) 

The contents of register A and register B are OR bitwise, and the result is stored 
in register Y. Let us assume A, B , and Y are 4-bit registers, then the operation is 
performed using statement (7.27) as 

T[3] A[3] v/?[3] 

F[2]4-A[2]vfl[2] 

*[!]<-A[l]v*[l] 

Wl^-AtO] v£[0] 


Transfer 
clock pulse 
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Fig. 7.47 ORing and transfer operation 

Connection Operation Statement 

.hp contents of a register to a 


_^ i register to an array of output lines needs a 

In RTL'’ C0 Qj'gJonThan that of a register transfer notation. A register transfer 
different n by a transfer clock pulse, whereas a connection remains intact 

f^eor more clock pulses. 

° f bol *=’ is used for the connection operation. The connections of outputs 
0 f ^register A to an output vector Z is expressed as 
Z = A 

If register Z and register A are 4-bit vectors, then this statement (7.28) has the 
following meaning: 

Z[3] = A[3] 

Z[2] = A [2] 

m = A[\] 

Z[0] = A[0] 
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-5-^1 
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< 
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A[2] 
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Q 
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The hardware implementation 
of a connection statement is 
shown in Fig. 7.48. 



Transfer 
clock pulse 


Z(3) Z(2) Z(l) Z(0) 

Fig. 7.48 Realization of connection statement 


7.6.4 Branch Statements 

RTL description of a digital system consists of statements that affect the 
information and the sequencing of this transfer operation. Hence, eac 
statement consists the following two parts: 

1 • Transfer statement, and 
2 * Branch statement. 




























































The DraiKi«"*£> — 

, Unconditional branching, and 

2. Conditional branching. 

Unconditional branch statement 

The unconditional branch statement has the general form 

^ (5) . (7.29) 

where 5 is the statement number. 

The meaning of statement (7.29) is “GO TO STATEMENT NUMBER S - F 
example, if any RTL program contains a statement -»(3), it means the control shouM 
be transferred to statement number 3 in the program. 

Conditional branch statement 

The conditional branch statement has the general form 

-K/ 1,/2 -fnV( s i» s 2 - s n ) (7.30) 

where /,,/ 2 .../„ are logical functions, and 5,, S 2 ... S n are statement numbers. 

The values of functions/!, f 2 .../„ are either logic 0 or logic 1. Only one of the 
functions/, will be logic 1 (true) at a time. If the function/ = 1, then the statement 
S k will get executed. If all the functions are logic 0 (i.e. false), then the next sequential 
statement in the program is executed. 

For example, 

->(A[1], A[l])/(5, 6 ) 

If A [ 1 ] = 0, then the control goes to statement 5; else if A [ 1 ] = 1, then the control 
goes to statement 6 . 

Let us take another example. 

—»(A[0], A[l], A[2])/(8, 12, 20) 

If A[0] = 1 , then the control goes to statement 8 . 

If A[l] = 1, then the control goes to statement 12. 

If A [ 2 ] = 1 , then the control goes to statement 20 . 

IM[0] = A[ 1 ] =A [2] = 0, then the control goes to the next sequential statement, 
i.e. statement 4. 


7.6.5 Conditional Transfer Statement 

RT'L noiation, a conditional transfer statement is used when the transfer is to be 
earned out only if a certain condition is satisfied. 

B is areatprih 6 !f transfer of contents of register BtoA is to take place only > 
an ’ suc * 1 a conditional transfer statement is represented in R a 

4 * GREATER [B;A)<-B ( 7J1) 




^^7.49 
fl’ eh ,/dass' l0Wn 

** * 



GREATER (B: A) 
f 7 49 Implementation of conditional transfer 

ircuit compares the inputs B and A. and generates the clock 
^ecombinat'o 11 c ^ are tran sferred to register A. 

50 tbat the contents ot 8 

,a Count Statement 

in rtl , s US ed to express the incrementing or decrementing 
The count statem ®" The increm ent counter statement has the general form 

behaviour of cou 

CNT^INC(CNT) (/J2) 

****** counter statement has the general tan 
CNT <r- DEC (CNT) 

7.6.7 Declaration Statement 

Declaration statements in RTL are used to specify the principal components ofthe 
system. These are used to specify the name of the module, m^o^ mput^utpuu 
termination of the sequence, and termination of the modu e. 
declaration statements are: 


MODULE : DATA SHIFTER 
MEMORY : A[2] ; B[2] ; C [2] 
INPUTS : X [2 ] 

OUTPUTS : Y[2] 


END SEQUENCE 
END 

BUS Connection Statement 


(7.34) 

(7.35) 

(7.36) 

(7.37) 


| n an RTL module, if the user wishes to employ a bus with C0I \ sta tement is 
i„,„ more than one targel register, then a BUS connecrron 

sed which puts the contents of register C over the BUS. 











The da a connected to the bus appears at tne Dus output during , he “'«U S . 
TH a If the step in which the connection is active. Irc dock 

^ a bus connection statement, the bus should be declared with a d ec | ara(| 

statement, such as all ° n 

BUSES : IBUS [3] 


7.7 riATA UNIT CONSTRUCTION FROM AN RTL PES TPip^ 

is made in two sections. thed^Zp' 
ncludes registers and data paths with A 
et transfers. The following example 

" Letus consider a digital system having a 2-bit external input A, a 2-bit output Z 
and three 2-bit registers W. X, and Y. The sequence of operation on these lines i s M 
follows: 

• First, the 2-bit data on input line A is to be loaded in the register. 

• The data is shifted in register Y. 

• The contents of register Tare complemented and ANDed with the contents 
of register X. 

• Finally, the result is placed on output line Z. 

MODULE : DATA MANIPULATOR 
MEMORY : W[2] ; X[2J; Y[2] 

INPUTS : A[2] 

OUTPUTS: Z [2] 

1. X <- A 

2. Y <— X[0], X[l] 

3. W <— Y 

4. Y <- W a X 

5. Z = Y 
END SEQUENCE 

In the RTLcode, first a name is assigned to the system with the declarative statement 
starting with MODULE. Next, the principal components of the system are specified 
in the declaration statement which specifies the MEMORY, the INPUTS and the 
OUTPUTS. For registers with more than one bit, the dimension is specified in the 
bracket. After the declaration statements, the control sequence of the module appears 
with numbered steps terminated by the statement END SEQUENCE. 

The steps which are followed for deciding the hardware are as follows. 

P L In the right hand side of the statements, we have the signals which must be 
eveloped for storage in registers or connections on output lines. 

P Connect these signals to the destination on the left hand side, 
module, as sfoowiTin^^dware 8 ets generated for the data manipul at0 


A complete register transfer description 
and the control section. The data section i 
logic required to implement a specific s 
ninetftttes the construction of a data unit. 



Y[ 1] no] 

Fig. 7.50 Development of data section 


Statement 1: 

X<r-A (Load input A lines to register X) 

This is to be done by clocking register X with control step pulse 1 (CSP1), as 
shown in Fig. 7.51. 

Statement 2: 

Y <- X[0], X[l] (Shift register X into register Y) 

The register Y gets loaded in this statement as well as in statement 4, hence an 
enable signal is required. Here outputs of register X are ANDed with the control 
step level 2(CSL 2) and provided as input to register T, as shown in Fig. 7.52. 



Fi S-7.51 


Load input A lines to register X 
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To be routed to 1^0] & H11 
Fig. 7-52 Load X[0], XP1 to register V 
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in Fig. 7.53. 
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Fig. 7.53 Load register W with Y 


Statement 4: 

Y < r - W a X (Load register Y with W a X) 

This signal is to be gated with control step level 4 (CSL4), since register yi s 
getting loaded in statement 2 as well. This is shown in Fig. 7.54. 


d d 



To be routed to T[l] 

Fig. 7.54 Load register Y with W a X 

Statement 5: 

2 = Y (Output of register Y is connected to output line Z) 

The output of register Y is to be connected to output line Z when CSL5 c oe. 
igh, which is indicated in Fig. 7.55. 
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D - 21,1 

CSL 5 


Thus 


. output of register V connected to output line Z 

f,g. 7.5i> 

nl pi e t e diagram can be represented, as shown in Fig. 7.56. 



7 -7.1 Timing of Control Signals requir ed to accomplish 

•n the data section, it is observed that certain control level * ^ t0 be executed 

the lr ansfers and connections required in various steps. the corresponding 

lna Proper order, the control levels and pulses must be t 
order. 
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Fig. 7.57(a) Timing of control signals 



Clock 

Fig. 7.57(b) Control section of data manipulator 


In the example of data manipulator, the signal CSL1 is not needed, but it gates 
the clock pulse to get CSP1 to load A into X. This clock pulse causes the unit to 
change the state that is advanced from step 1 to step 2. When CSL2 goes to I, the 
output of X is routed to the input of F[0] and F[ 1 ]. At the end of this period, the 
gated CSP2 is formed to shift X into Y. 

for loading F into register Wfor 

rom Q which is equivalent to 1- 
of Y which is loaded with CSP 
tep 5, CSL5 gates the outputs o 
o register gets loaded at step - 
in Fig. 7.57(b). 


At step 3, CSL3 gates the clock to form CSP 
complementing, since the outputs of Ware taker 

rr SU83teS <"**>* the data input 
P tToutn^ CSL4 wi,h the clock pulse. At 

n 0 “nit can be designed, as show 


Og* ' n ame suggests a high speed integrated circuit design, VHDL is a 
v *; though the rdware description language, which is used to design a wide 
BV lral P urP °! e . systems, ranging in complexity from a few gates to a very large 
flty ofdlgl c0 ntaining thousands of gates in an 1C). 

V 0I11 berg ateS 1 m ents in the field of IC technology allow us to place more and 
n -pie impr ° Ve nts on an IC. Digital systems are also growing in terms of their 
,,, 0 * con1p0ne "he system becomes very complex, the detailed design of the system 

'_r,|exity-As ‘ leve i becomes very tedious and time-consuming. A 

an __,orr^1iVp VHDL allows the digital svste.rntn hr* dpeiorwi 


c omP lc ''' " nd flip-flop level ---.....v-wiiauiiiiiig, t\ 

at the g ate a ipt i 0 n language like VHDL allows the digital system to be designed 
hardware deserrp a higher level before conversion to the gate and flip-flop level. 
an d debug?® a to ‘ the use of a high-level language like C to write programs and 
this is sim ' ar |ert0 convert them into machine language. Today, VHDL and Verilog 
withihecornpi e ^ description languages. 

aretwopop lshedto iEEE standard IEEE-1076 in 1987. An updated standard, 
adopted in 1993- In 1996, IEEE 1076.3 became a VHDL synthesis 


5landard ' 0 rts both top-down and bottom-up design methodologies for a digital 

VHD Wh!uhe help of commercially developed programs like synthesis tools, 
SySt ! m ' sine VHDL can create logic circuit structures from their descriptions. 

Jf deS ‘ g " VHDL one can design, simulate, and synthesize anything from a simple 
1 “SnS™0 , complete m,coprocessor s,s,«m » .chip. Dec » «« 

rr s «r«»d hica-chL »..».«■* ^»»^, ■*. 

1 ne he designers to use complex devices like CPLDs and FPGAs very 
effectively for implementing any digital system. In this section, the basiefeatures 
of VHDL and how it is used to describe simple combinational and sequenti g 

circuits are covered. VHDL has a set of rules that define the 

As with any other computer language, VHDL has a set oi 

keywords and syntax. A keyword has a special meaning in the languag , ^ 

be used for any other purpose. Syntax refers to the word usage an 

must be used to write statements. 


7.8.1 Entity-architecture Pair 

Any VHDL program structure basically contains the entity-archite 
as shown in Fig. 7.58. 

The pair basically consists of: ;ignals ,andtheirtypes>nadig>tal 


1 • An entity for declaring all the input, output sig 


circuit (or module). talcir< 

Architecture for describing the functioning ot the ig ^ ^ 
the modeling styles (discussed in Sections 7.8. 


•cuitwithoneof 
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Fig. 7.58 VHDL program structure 


7.8.2 Entity Declaration 

To write a VHDL program, we need to declare an entity. An entity declarm 
means declaration of all the input, output signals, and their types in a digital <*<-7 
The basic ports of a digital system and their flow directions are as follows: 

(a) IN: Input port (The value of the signal can be read). 

(b) OUT: Output port (The value can be assigned to the signal). 

(c) INOUT: Bidirectional port (The value can be read as well as assigned) 

(d) BUFFER : Output port with read capability (Not a bidirectional port). 
The format for entity declaration is as follows: 

entity <entity_name> is 

port (<signal_namel>: <mode><type>; 

<s i gna l_name 2 > : <mode >< t ype > ; 


); 

end <entity_name>; 

Here entity, is, port, and end are the keywords. 

Let us consider the example of a full-adder circuit having inputs and outputs, as 
shown in Fig. 7.59. 
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Fig. 7.59 Block diagram of full-adder 

h will have an entity declaration as: 


entity FULL_ADDER is 


Here 


port (A, B, C in : i n BIT, - Inputs; 
Sum ' c out •• out BIT - Outputs 

end Ladder; 

ls ’ Port, in, out, and end are the keywords. 


^^ etyP . 

fl eider another example of an entity | 

0 jji US c° ns 4 . | multiplexer circuit shown - 


D(l) 


0 ( 2 ) 


0(3) 


iflFig 

port ID 


4:1 

Mux 


mux JJ is 


[ n BIT_VECT0R (0 to 3) ; 
slr SO: in BIT; 


TT 


-ii 


Y: 


Out BIT 


)i 


Inputs 

Fig. 7.60 Block diagram of 
4 : 1 Mux 


1; 


end ’ 

, tity mux_4_l has six input ports and one output port. BITJVECTOR is 
The T 'd array type in the language. In this example, instead of declaring the 4 
aprede me ^ ^ D\,D 2 , and D 3 , they are declared with the help of an array 
inpUt VFCTOR of 4-bits (0 to 3). Individual inputs can be addressed as D[ 01, D[ 1], 
nm and D[31- S, and S 0 signals are of mode in and type BIT. 

P the above examples, it is seen that the entity declaration does not specify 
about the internals of the entity. It only specifies the name of the entity 

and the interface ports. 


7.8.3 Architecture Body 

The internal details of an entity are specified by an architecture body using one of the 
modeling styles. An architecture specifies the behaviour, function interconnections, 
and the relationship between the inputs and outputs of an entity. An entity can have 
more than one architecture, but there cannot be an architecture without an entity. 
The syntax for architecture is as follows: 


architecture <architecture_name> of <entity_name> is 
[<architecture_delcarations>] 

begin 

<architecture_statements> 
end <architecture_name>; 


Here architecture, is, of, begin, and end are the keywords. . 

The architecture body between begin and end can have one o 
modeling styles: 

Structural modeling, 

2- Data flow modeling, or 
T Behavioural modeling. 


7-8,4 Structural Modeling or structural 

n architecture that uses components is often called as stm ,u '_ 0 f signals and 
because it defines the precise interconnect* - 




































architecture FA_STRUCT of FULL_ADDER is 


component XORi 

port (X/ i • 
end component ; 
component AND 2 

port (P/ Q : 

end component; 


in BIT; Z : out BIT) ; 


in BIT; Y : out BIT) ; 


component OR 3 

Port (L, M, N : in BIT; 

end component; 


0 : out BIT) ; 


signal Si/ S 2 / S 3 , S 4 . BIT, 

begin 

G 0 : XORi port map (A, B, S x ) ; 

G 4 : XORi port map (Si, C in , Sum) ; 

G 2 : AND 2 port map (A, B, S 2 ) ; 

G 3 : AND 2 port map (B, C in , S 3 ) ; 

G a : AND; port map (A, C in , S 4 ) ; 

G s : OR 3 port map (S 2 , S 3 , S 4 , C out ) ; 
end FA_STRUCT; 



Here, the name given to the architecture body is FA_STRUCT and the entity 
declaration is FULL_ADDER (previous section) which specifies the interface ports 
of this architecture body. The architecture body has two parts: 

1. Declarative part, and 

2. Statement part. 

Declarative part comes before begin and statement part comes after begin. 


./araf/ve part 

OR P< Th'." clec ' ara, ' ons appear in the declarative part. They are XORi- A_ND- 
'Ponents nf ee ' aratl0ns s Pecify the interface of these components. 

ned separaH e " her be P redef >ned components in the library or they m J 
separately and added to the library. 




St ^ , components and signals in the declarative part of the architecture are 
The i ecU Z , n the statement part of the architecture using component instantiation 
instant* 6 ' J * (Q G , a re the component labels for the six components which are 
state* 1 ’ 6 "’ 8 , statement, to Statement, in the body are referred to as component 

instant* 3 * 6 n statements. 

instannat* 01 . instant i a tion statement is a concurrent statement. Hence, the order 

A comP ° nl is not important. The first statement in which component 
of this sta ‘ t . ated the signals A and B are connected to the X, Y input ports of the 
0o is inStan Done nt. while the output port Z of this component is connected to the 
XORi con T i s which is further connected to X input port of another XOR, 

neritfC,)- 

c omp° n for a cor nponent instantiation statement is: 

' onent label 1: Component name port map (signal 1, signal 2... signal n); 
C# *" P compo nent name is the name of a previously defined entity that is to be 
, 6 6 | are j in ^ declarative part of the architecture). One instance of the named 
Ui: 'created for each component statement that invokes its name and each instance 

enU s i be named by a unique component label. The port map keyword introduces 
" list that associates the ports of the named entity with the signals in the current 
architecture. 

Example 7.10 Write a VHDL code for a 4-bit binary adder using structural 
mndeline having full-adder as a component. 


Solution 

Figure 7.62 shows a 4-bit binary adder using full-adder as a component. 



Fig. 7.62 4-bit binary adder 


In the figure, A[3],A[2],A[l],A[0];fi[3],Bl21,B[l],B[0] are the 4-bit inputs, 

^[3], S[2], S[l], S[0] are the 4-bit outputs; C, is input carry; and C out is outpu c 

1 hp __i . 


library ieee; 

Use ieee.std_logic_1164. all; 
entity Adder_4 bit is 

P°rt (A, B : in bit vector (3 downto 0) > 


c i : in bit; 

S : out bit vector (3 downto 0) ; 




































architecture S truct_adder_4 bit or aacer_4 bit is 
component Full adder 
port (A, B, C in : in bit; 

Sum, Cout : out bit 

); 

end component; 

signal temp : bit_vector (3 downto 1) ; 
begin 

FAo : full_adder port map (A(0), B(0), C if S(0), teitip(i )); 

EAj : full_adder port map (A(l), B(l), temp(l), S(l), 

FA: : full_adder port map (A(2), B(2), temp(2) / S(2), temp (3) '* 

EA 3 : f U ll_adder port map (A (3), B(3), temp (3), S(3), Cout) . ' 

end struct_adder_4 bit; 

In the architecture body of the code, full adder is declared as a component, and 
a 3-bit internal carry signal is also declared as a bit vector. 

In the statement part of the architecture body, four instantiation statements are 
written. Each statement corresponds to a full adder, having names FA 0 , FA h FA 2 , 
FA 3 , and a port map. The signal names following the port map correspond one to 
one with the signals in the component port. 

Example 7.11 Write a VHDL code for a 4:1 multiplexer with an active high 
output using structural modeling. 

Solution 

Figure 7.63 shows the internal diagram of a 4:1 multiplexer having two select lines 
S l and S 0 , four input lines / 0 - / 3 , and output Y. 

S 0 *0 S l S { 



Fig. 7.63 4:1 multiplexer 


0n ti# m ~ . m bit vector (3 downto 0); 
P° rt in bit vector (1 downto 0) ; 
y ; out bit) ; 

4 l; 

" struct_mux_4 :1 of mux 4-1 is 

“"port (A, B, C: in bit; 

y : out bit) ; 
end component; 

component INV 

port (A : in bit; A _ inv : out blt ) ; 

end component ; 

component OR 4 

port (A, B, C, D : in bit; 
y : out bit) ; 




end component; 

_,1 v • bit vector 




begin 

AO: AND 3 port map (S0_inv, Sl_inv, 1(0), Y (1)) ; 

Ai : AND 3 port map (S0_inv, S(l), 1(1), Y(2)); 

A2 : AND 3 port map (S (0) , Sl_inv, 1(2), Y (3)) ; 

A3 : AND 3 port map (S(0), S(l), 1(3), Y (4) ) ; 

01 : OR 4 port map (Y(l), Y(2), Y(3), Y(4), Y); 

N1 : INV port map (S (0) , S0_inv) ; 

N2 : INV port map (S (1) , Sl_inv) ; 

end struct_mux_4_l ; 

Following is the VHDL code for the components used in the 4:1 multiplexer. 

entity AND 3 is 

Port (A, B, C : in bit; 

Y: out bit 
); 

end AND 3 ; 

architecture A 1 _AND 3 of AND 3 is 
begin 

Y ^= A AND B AND C; 

endAl_AND 3 ; _ 



































end OR 4 i . 

architecture A2_0R, of OR, is 
begin 

V rf OR P OB C OR D; 
end A2_OR 4 / 


entity INV is 

port (A : in bit; A_INV : out bit) ; 
end INV; 

architecture A3_INV of INV is 
begin 

A_INV <= not A; 
end A3_INV; 

Here, the symbol *«=’ is used to assign values. 


7.8.5 Data Flow Modeling 

In this type of modeling, the data flow is expressed primarily using concurrent 
signal assignment statements. The structure of the entity is not explicitly specified 
in this type of modeling, but it is inferred from the equations. 

Some of the books on VHDL distinguish between behavioural and data flow 
architectures and others treat them together as behavioural description. The primary 
difference is that, one uses processes (discussed in Section 7.8.6) and the other 
does not. 

Data flow descriptions are used in cases where the simple design equations of 
the circuit arc in hand. For example, the full-adder circuit discussed in Section 
7.8.4 has the data flow equations as 
Sum = A ©#© C 
C ou t = AB + AC + BC 

These equations can be represented using data flow modeling, having concurrent 
statements as 


Sum <= A XOR B XOR C; 

c m <= (A AND B) OR (A AND Q OR (B AND O; 

It is also possible to use the following conditional signal assignment statements 
in data flow modeling, since they are concurrent. 


ten-e/se statement 

1 when-el.se statement, a Boolean expression combines the individual Boolean 
using VHDLs built-in Boolean operators, such as and, or, and not. Boolean 
^“retypically ^ 00 * ean vana bles or the results of comparisons using relations 


= (equal to), / = ( 
< ( les s than), and 


not equal to), 
< = (less than 


> (greater than), > 
or equal). 


= ( greater than or equal)- 


* , 1 1 wneii »-■ 

v ^ * 

1* * y — ' 0 * else 

i when X 

2.**°. ...on X = else 


'O' ) else 
) else 


another kind of concurrent signal assignment statement. The statement 
T hlS ls a s (he given expression and when the value matches one of the choices, it 
eValUii s the corresponding signal-value to the signal-name. The choices in the when 
aSS1?n can be a single value of the given expression or a list of values. The keyword 
claUSe< is used when all the probable values of the choices are not covered. 

0t The syntax of with-select statement is shown below. 

Ki th select_expression select 

target_signal <= expression 1 when choices, 

<= expression 2 when choices, 


<= expression 3 when others; 

Following examples illustrate the use of with-select statement. 

1. with select_lines select 

Y <= I 0 when "00", 

I x when "01", 

1 2 when "10", 

1 3 when others; 

2. with present_state select 

next_state <= Iq when S 0 , 

S- when S 1; 

S 3 when S 2l 
S 0 when others; 

Example 7. 12 Write a VHDL code using data flow modeling for a 3:8 decoder 
having active high outputs and an enable line. 

Solution 

entity for a 3:8 decoder is shown in Fig. 7.64. 

entity decoder 3_8 is 

P° r t (En, S 2 S 1# S 0 : in bit; 

Y o* Y i,' Y 2 , Y 3t Y 4 , Y 5# Y 6f Y 7: out bit 
) ; 

end decoder 3 8; 










Fig. 7.64 3:8 decoder 
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Table 7.7 Truth table of 3:8 decoder 
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The complete VHDL code for a 3:8 decoder using when-else statement is given 
below. 


library ieee; 

use ieee.std_logic_l164 .all; 

entity decoder 3_8 is 

port (En, , S 2f Si, S 0 : in bit; 

Y 0 , Y lf Y 2 , Y 3/ Y 4 , Y 5 , Y 6/ Y 7 : out bit 
); 

end decoder 3_8; 

architecture dat_flowl of decoder 3_8 is 

signal temp : std_logic_vector (3 downto 0 ) ; 

begin 

temp <= En & S 2 & Sj & S 0 ; 

Y o <= '1' when temp = "1000" else 
'O'; 

Y i <= % 1' when temp = "1001" else 
'O'; 

y 2 <= '1' when temp = "1010" else 
'O'; 

y 3 <= '1' when temp = "1011" else 
'O'; 

Y * ^ When temp = *H00" else 

1 when temp = " 

' 0 ' ; 



1101 " else 




O decoder entity has the architecture body dataflow 1. In the declarative 
** ■ thitecture. a temporary signal temp .s declared for considering the 

P^° fth en2 line and SelCCt 31 any mStanCe ' 11115 U done ^ ^ 

s taW s of e n 

sW telIie <~En&.St&-S j & S 0 ; 

• itecture statement. *&’ is a concatenation operator in VHDL. With 
ln the ft. operator, single bits En, S x S,, and S 0 are converted to a 4-bit vector, 
mebelp ot tn . s - o. Si = 0 and S 2 = 0, temp is assigned the value 


Hence 


temp <= 


1 ’ & ‘O’ & ‘O’ & ‘0’ results in 


temp = “100°” 

king the value of temp in the expression part of the when statement, 
By C ^nals are assigned the values 0 or 1. Eight when-else statements realize 
outputs 1 ? -i.o decoder, as shown in Table 7.7. 


the uuth table of the 3:8 decoder, as shown in Table 7.7. 

/ 7 13 Write a 3:8 decoder VHDL code using with-select statement. 


a alternative code for a 3:8 decoder is given below which uses with-select statement 
inlhe architecture. Instead of declaring the outputs and select inputs individually, 
Jhey are declared as an 8-bit array and a 3-bit array in the entity, as shown below. 

entity decod 3_8 is 
port (En : in bit; 

S : in bit_vector (2 downto 0) ; 

Y : out bit_vector (7 downto 0) 

) ; 

The complete VHDL code for a 3:8 decoder with data flow modeling using 
with-select statement is given below. 


library ieee; 

use ieee. std_logic_1164 . all; 


entity decod 3_8 is 
port (En : in bit; 

S: in bit_vector (2 downto 0) ; 
Y: out bit_vector (7 downto 0) 

) ; 

decod 3_8 ; 

ar chitecture dat_flow 2 of decod 3_8 is 
signal tempi : bit_vector (3 downto 0) ; 

b ®gin 

temp <= En & S; 
w ith temp select 




























"00100000" When huj. , 

" 01000000 " when " 1110 ", 

" 10000000 " when " 1111 ", 

“ 00000000 " when others; 

end dat_fl°« 2; 

7.8.6 Behavioural Modeling 

The behavioural style of modeling specifies the behaviour of an entity as a 
statements that are executed sequentially in the specified order. Set of 

A ‘process’ statement is a key element in the behavioural modeling, a pro 
statement contains a set of sequential statements which specify the functionality 
the model and not the exact structure of it. Process statement is a concurre°i 
statement which executes in parallel with other concurrent statements and other 
processes. 

A process statement has the following syntax: 

process (signal name, signal name . signal name) 

declarations 

begin 

sequential statements 

end process ; 

The bracket followed by the keyword process is referred to as the sensitivity list 
of the process. Whenever one of the signals in the sensitivity list changes, the 
sequential statements inside the process body are executed in sequence. 

The process statement also has a declarative part (before the keyword begin) 
along with the statement part (in between the keywords begin and end process), 
similar to an architecture body. 

The declarative part may contain one or more of the following declarations: 

• type declarations, 

• variable declarations, 

• constant declarations, 

• function definitions, or 

• procedure definitions. 


7.8.7 Sequential Statements used in Behavioural Modeling 

The sequential statements used in behavioural modeling are: if, case, loop, exit 
next, and wait. These sequential statements can be used inside a process for signa 
J n 8 r nments - P roc ess executes whenever there is an event on signals. W en 
indeDemT eXe ~ Cutes ’ the statements inside the process are executed sequent! )• 
Contrast thT ° W | J let ^ er ^ ere * s a change on any signal in its right-hand express* 
gets executed Onl , execulion of concurrent signal assignment statement w 

y w en an event occurs on a signal in the right-hand side express 


The 


if Statens. 

, f ( conditi° n > 

1 se^ entia 


then 

statement 


d if statements use the clause elsif as shown below. 

The ne« te 

■ i \ then 


f (condition 1) then 
1 sequential statement 

lsi£ (conditional then 


sequential statement 

end if • 

The conditions are generally boolean expressions which are tested for a true or 

false condition. For example, 

if ((a = b) and (c = ' 1 ' ) ) then 
y <= "0000"; 

else 

y <= "1111"; 

end if; 

The VHDL code for the 3:8 decoder of Example 7.12 using if statement is given 
below. 

library ieee; 

use ieee . std_logic_1164 .all; 


entity decod 3_8 is 

port (En : in bit; 

S : in bit_vector (2 down to 0) ; 
Y : out bit_vector (7 down to 0) 
) ; 

end decod 3 8 ; 


architecture behav of decod 3_8 is 
begin 


process (En, S) 
begin 


if En = '1' 

if (S = 

elsif (S = 
elsif (S = 
elsif (S = 
elsif (S = 
elsif (S = 
elsif (S = 
elsif (S = 


then 

"000") then y «= 
" 001 ") then y <= 
" 010 ") then y <= 
"Oil") then y <= 
" 100 ") then y <= 
" 101 ") then y <J= 
" 110 ") then y <= 
"HI") then y <= 


"oooooooi"; 
" 00000010 "; 
" 00000100 "; 
"ooooiooo"; 
" 00010000 "; 
" 00100000 "; 
"Oioooooo"; 
"looooooo"; 






In the above code, process statement is used for wh.ch the signals En , 

in he sensitivity list. Since no declarattons other than the parts in , he Jg* 

luired. the declarative part does not contatn any declarations. The statemJ ^ 
contains an if-then statement which is a sequenhal statement used to do condh Pan 

signal assignment to the output signal y. o na j 

' The process executes whenever there is an event on signals En or S Wh en 
process executes, all the statements inside the process are executed seque mi 
independent of whether there is a change on any signal in its right-hand express?? 
Contrast this with the execution of concurrent signal assignment statement which 
gets executed only when an event occurs on a signal in the right-hand side expression 
In the process, all the statements get executed and at the end of the process, their 
values get updated. 


CASEstatement 

A CASE statement is another type of sequential statement with the following format- 

case (expression) is 

when (choices) => sequential statement; 


when (choices) => sequential statements; 

end case; 

The VHDL code for the 3:8 decoder of Example 7.12 using case statement is 
given below, 
library ieee; 

use ieee.std_logic_l164 .all; 

entity decod 3_8 is 

port (En : in bit; 

S : in bit_vector (2 down to 0) ; 

Y : out bit_vector (7 down to 0) 


end decod 3 8; 


architecture behav2 of decod 3_8 is 
begin 

process (En, S) 
begin 

if En = '1' then 


case S is 


when "000" 
when "001" 
when "010" 
when "Oil" 
when "100" 
when "101" 
when "110" 
when "Hi'/ 


=> y 4= "00000001"; 
=> y <= "00000010"; 
=> y <= "00000100"; 
=> y <= "00001000"; 
=> y <= "00010001"; 
=> y <= "00100010"; 
=> y «= "01000100"; 
=* y <= "10001000"; 


0tl ctntement evaluates the given expression, finds a 
THe Choices, and executes the corresponding sequential statements"? 6 m 
pn eof the ? (ja , statements can be written for each set of choices. ° ne ° r 

(Tiore scq 

0 s tateffl erl t 

1 „ statement is used to iterate through a set of sequential statements. There are 

A ,#op * of iteration schemes. 

,l,ree types” 

‘for’ iteration scheme: 

*• - g s y n tax for the ‘for’ iteration scheme is as follows: 

for identifier in range loop 

sequential statement 

sequential statement 

end loop; 

For example, 

for i in 1 to 7 loop 

y(i) <= 'O'; 

end loop; 

2. ‘while’ iteration scheme: 

The syntax for the ‘while’ iteration scheme is as follows: 

while (expression) loop 


sequential statement 

end loop; 

For example, 

while (j < 8 ) loop 

x(j) <= '1' ; 

j <= j + i; 

end loop; 

3. ‘loop’ without any iteration scheme: 

In this form, no iteration scheme is specified. All the statements in the loop 
body are repeatedly executed until some other action causes the loop to exit. 
The action can be caused by exit statement, next statement, or a r 
statement. The syntax for this statement is as given below, 
loop 

sequential statement; 


sequential statement; 

end loop; 




exit i-- * 

If the loop level is not specified, then the innermost loop is exited. It j s y, 

in the following examples. Ustr ated 

Ll : loop L1 ; 1o °p 

i ; = i + 10; i : = i + 10; 

if i > 100 then exit when i = 100; 

exit Ll; end loop Ll; 

endif; 

end loop Ll; 

Next statement 

This is also a sequential statement, used inside a loop with similar syntax like 
exit statement 311 

next floop_label] [when condition] ; 

Loop level and condition are optional. This statement results in skipping the 
remaining statements in the cunrent iteration of the specified loop, and the execution 
resumes with the first statement in the next iteration. 

Wait statement 

In behavioural modeling, a process statement is used which contains a sensitivity 
list. The process always suspends after executing the last sequential statement in 
the process. 

An alternative way to suspend the execution of a process is to use a wait statement 
within the process. 

There are three basic forms of a wait statement: 

wait on sensitivity list; 

wait until boolean-expression; 

wait for time-expression; 

wait on This form of wait statement causes a process to suspend the execution 
until an event occurs on one or more signals in a group of signals. For example, 

wait on elk, reset; 

In this case, an event on any of the signals executes the process with the first 
statement following the wait statement. 

in ml ,n ^' S case ’ P roc ess is suspended until the condition specified 
bracket is not satisfied. For example, 

" ait until A = B; 

If iMslmeThe n hen 3n eVem ° ccurs 0n s 'g nal A or B, the condition is evaluated. 
'hewaitstatememT reSUmes the exe cution with the first statement following 

■ement. otherwise it suspends again. 


AnyP ri 


ft8 Mixed Style of Modeling 

7 ’ n all the three styles of modeling are used wtthin an architecture, it ,s referred 
0 ,he mixed style of modelmg^ In such an arch.tecture body, the component 
103 .fation statements (as used in structural modeling), concurrent signal 
inS ment statements (as used in data flow modeling), and process statements (as 
^ behavioural modeling), can be used, 
used in 


7.8.9 Configurations 

're are many different ways in which the operation of a digital circuit is modeled, 

1 c h as structural, data flow, and behavioural. Hence, there is a possibility of having 
many architecture bodies for one entity. The VHDL language provides 
configurations for explicitly associating one of the architecture descriptions with 
an entity, when it is being used as a component. This process of association is referred 
to a s binding an instant of the component. For structural models, configurations 
can be thought of as the parts list for the model. When the configuration for an 
entity-architecture combination is compiled into the library, an implantable object 
is created. There are two types of configurations: 

(a) Default configuration, and 

(b) Component configuration 


Default configurations 

The simplest form of explicit configuration is the default configuration. It specifies 
the configuration name, the entity being configured, and the architecture to be used 
for the entity. 

If the architecture does not contain any blocks or components, then the 
configuration design unit has the following syntax: 

Configuration: Configuration name of entity name is 
for architecture name 

end for; 

end configuration name; 

The following example shows the use of default configuration for a 2 bit 
comparator circuit producing an equality output, 
library ieee; 

Use ieee.std_logic_1164.all; 

Entity comp _2 bit is m . 

(A, B : in std_logic_vector (1 downtoU), 

Y : out std_logic 

) ; 










end Al; . 

architecture A2 of comp_2 bit is 
begin 

process (A, B) 
begin 

if (A = B) then 
Y<= '1'; 

else 

Y <= 'O' ; 
end if; 
end process; 

end A2; 

configuration dat_comp of comp_2 bit is 
for Al 

end for; 
end dat_comp; 

configuration behav_comp of comp_2 bit is 
for A2 
end for; 
end behav_comp; 

In the above example, the entity contains two 2-bit input vectors A and B and 
one output Y. The comparator produces Y=l, if A = B. The architecture A 1 uses 
data flow style of modeling, while the architecture A2 uses behavioural style of 
modeling. 

The first configuration is called dat_comp which binds the architecture/! 1 (data 
flow) with the entity comp_2 bit to form a simulatable object. The second 
configuration binds architecture A2 (behavioural) with the entity comp_2 bit and 
forms a simulatable object called behav_comp. 

Since the architectures do not contain any components, the configuration area 
from the for clause to the end for clause is empty. This configuration is called the 
default configuration. 

Component configuration 

These statements are used where the architectures contain instantiated components 
(structural model). 

ent^ W ° ^‘^ erent styles can be used for writing a component configuration for an 

Lower-level configurations - specifies lower-level configurations for each 
component. 

arc ^ tecture configurations - specifies entity architecture pairs for 

e ach component. J 

ov e two styles can be used for writing a component configuration. 


confix 

end f° r; 


Lonwork. 


nwork. 


for co«>°nent_instance n : componentuse C onf iguration t 

^figuration-name 

end 

end £° r; 

e„dconfig urati ° n - name; 

of entityarchitecture configuration 

at j.on configuration_name of entity_ 

C °for architecture_name 

for component_instance 1 . component_name use entity work 

entity_architecture pair 

end for; 


y__name is 


ena rox., 

for component_instance 2 : 




end for; 

end configuration_name; 

The following example of a full-adder using half-adder shows the use of 
component configurations. 

library ieee; 

use ieee.std_logic_l 164 . all; 
entity full_adder is 

port (lnl, ln2, Cit in : in std_logic; 

Sum, Cout : out std_logic) ; 
end entity full_adder; 

architecture structural of full_adder is 
component half_adder is 

Port (X, Y: in std_logic; 

Sum, Carry : out std_logic); 
component half_adder; 

component or 2 is 

port (X, Y : in std_logic; 

Z : out std_logic) ; 

end component or 2 ; 

signal si, S 2,~S3 : std_logic; 





port map (11 =>*' 12 => V, Z => z ); 

begin -component instantiation statements 
Hi : half_adder port map (X => lnl, Y => ln2. 

Sum => SI, Carry => S2) ; 
H 2 : half_adder port map (X => S1,Y => Cin, 

Sum Sum, Carry => S2) ; 
01 : or ^ port map (X => S2, Y => S3, Z => Cout) ; 
end architecture structural; 


7.8.10 Identifiers 

Several identifiers were used in the previous discussion, such as comp 2 w 
ful Ladder, half_adder, decod 3_8, and mux_4_l. Generally, identifiers are cho* 
because they are easy to remember. Sen 

VHDL specifies a few rules that must be followed while creating identif 
The basic rules that apply for creating identifies are: 

• It may contain upper-case and lower-case letters, the digits 0 to 9 and 
underscore symbol. 

• The underscore symbol cannot be used as the first and last character, letter 
and number must be used in both sides of the underscore. 

• Every identifier is a single string of characters, and it may be of any desired 
length. 

• Identifiers are case-insensitive. 

Examples of legal identifiers: 

DELAY, gate, d4, abl4, Ab5, mux_4, my_circuit_dig 
Examples of illegal identifiers: 

_ DELAY, ga_ _te, Ab5_, mux_4_ 

7.8.11 Libraries 

Libraries are collections of predefined quantities and procedures that are used by 
the compiler to interpret the code. The concept of library is very powerful in VHDL. 
A library is introduced into the VHDL using a statement of the form 

library library_name; 

For example, ‘ieee’ is a standard library in VHDL. It is introduced by the 
command 

library ieee; 

Produced, any definition from the library may be used in 
Library contains the fundamental definitions of typ e an 


°nce a library is i n 
anting a VHDL code 
basic physical units. 


a'I |rfip° L ' 

S " VHDL h0WS “ ValU ' ° f SPeC ' r,C b V 

Alia 14 .nation. 


rtant Data Objects in VHDL 


object d^f'biect belongs to one of the following classes. 
Every data 


a 
n 

signal signal_name : signal_type [: = initial value]; 

The keyword signal is followed by one or more signal names of the same signal 
type specified after a colon. Finally, a signal can contain an initial value which is 

optional. 

Variable 

Variables are used for local storage in process statements and subprograms. All 
assignments to the variables occur immediately. 

The syntax for variable declaration is, 

variable: variable_name : variable_type [: = initial value]; 

The keyword variable is followed by one or more variable names of the same 
variable type specified after a colon, and an optional initial value can be specified. 


Si§n 1,o!ommunicate dynamic data between entities. Signals can be declar^ i 
^ declaration sections, architecture declarations, and package declarations 
syntax for signal declarat.on is. 


Constant 

Constant objects are the names assigned to specific values of a type. If a model 
requires a fixed value in a number of instances, a constant value should be used. 
The syntax for constant declaration is, 

Constant: constant_name : type_name [: = value]; 

A constant declared in an architecture can be used by any statement inside the 
jtfchitecture, including a process statement. A constant declared in a process can 
used only in a process. 

The following section of a code shows different object declaration examples. 

chitecture : decod arch of decoder is 
-S* B ' C : std_logic; 

s Y : st cl_logic_vector (2 downto 0), 

: integer range 0 to 3; 

Pr ° Cess (A, B) 

liable tempi, temp2 : std_logic C * }! 








7.8.13 Important Data Types 

Variables, signals, and constants can have any of the predefined VHDl 
user-defined type. Some of the predefined types are: L types 0r a 

bit • 0 or 1 

boolean : FALSE or TRUE 

integer : an integer in the range -( 2 31 - 1 ) to +( 2 31 - 1 ) 

real : floating point number in the range -1.0 E38 to +1.0 e 38 

character: any legal VHDL character including upper and lower case ch 

and special characters ara cters 

time : an integer with units fs, ps, ns, us, ms, sec 
stdjogic : ‘O’, *1’, ‘U , X , Z , W , L , H , *—* 

A common user-defined type is the enumeration type in which all the values 
enumerated. For example, 1 *** 

type state is (SO, SI, S2, S3, S4) 

signal pr_state, ns_state : state (: = SO); 

Arrays: The above-mentioned data types in VHDL are scalar types. In order to 
have arrays in VHDL, we first have to declare an array type and then, declare an 
array object. 

The array type and object declarations have the following general form 

type array_type_name is array index_range of element_type; 
signal array_name : array_type_name (: = initial values variable) 

In the preceding declaration, signal may be replaced with or constant. 

7.8.14 VHDL Operators 

The predefined VHDL operators can be grouped into seven classes. 

1. Binary logical operators — a few examples and their meaning are given in 
Table 7.8. 


Table 7.8 Binary logical operators 


Keyword 

Example 

Meaning 

and 

a and b 

a • b 

or 

a or b 

a + b 

nand 

a nand b 

a*b 

nor 

a nor b 

a + b 

xor 

a xor b 

a 0 b 

xnor 

a xnor b 

ll 

not 

not a 

a 

_ 


^. L essthan u. - 

^ : Greater than 
^Greater than or equal to 

: d «°p«* >rs 

: Addition 

. subtraction 
£. Concatenation 

Multiplying °P erat ° rS 

* : Mortitication 
/ : Division 


7. 


-wsmanuinieticfiii 

rol : rotate left 


e<1 with left bit 


ror : rotate right 


Unary sign operators 
+ : Positive 
- : Negative 


Miscellaneous operators 
abs: Absolute 
* * : Exponentiation 


mod 


Mode 


m eet more information on data types which support these VHDL operators 
Jdard book on VHDL should be referred. 

?81 5 VHDL Examples 


fwmp/e 7.14 Write the concurrent VHDL statements for the following 

Boolean expressions: 


1. Y=AB + AC + BC 

2. Y=AB + AC+ BC 

3 . C n = A n B n + A n C n _\ + B n C n 


Solution 

1. VHD statement for the Boolean expression Y= AB + AC + BC is 

Y <= not(A and B) or not(A and C) or not(B and Q 

2. VHD statement for the Boolean expression Y-AB + AC+ BC is 

y <= (A and (not B)) or ((not A) and C) or not {B and C) 

3. VHD statement for the Boolean expression C n = A n B n + A„C„_i + B n C n is 

<= ((not A n ) and B n ) or ((not A n ) and C n _i) or (B n and C n ) 
f«/np/e 7.75 Wdte the VHDL code for t h e Boolean expression of a 2-mput 

1 D gate. Assume the delay of gate is 6 ns. 

Solution 

J lbrar Y ieee; 

6nti? ee ' Std - lo 9 ic 1164. all; 
txt Y gate is 

















end gate; 


architecture 


U Ve V 

NAN_gate of gate is 


^ <= A nand B after 6ns; 


end NAN_gate; 

f ample 7 16 Write the VHDL code of a full-subtractor using: 

1 Data flow modeling 

2 Behavioural modeling 


Thetruth table of a full-subtractor is as shown below in Table 7.8. 


A 

B 

q n 


Fig. 7.65 Block diagram of 
full-subtractor 

The equations for difference and borrow are: 

Difference = A ® B ® C in 
Borrow = AB + AC in + BC in 

The entity for the full-subtractor will contain A, B, and C, n as the input ports, 
and output difference and borrow as the output parts. The corresponding block 
diagram is shown in Fig. 7.65. The VHDL code for full-subtractor is given below. 


Full 

subtractor 


‘ Bifferenc< 


' Borrnu; 


Tab | e 7.8 Full-subtractor truth table 


Difference 


Borrow 


0 

1 

1 

0 

1 

0 

0 

1 


0 

1 

1 

1 

0 

0 

0 

1 


1. Data flow modeling 

library ieee; 

use ieee.std_logic_1164 . all; 
entity full_sub is 

port (A, B, C in : in bit; 

diff, borrow : out bit 

) ; 

end full_sub; 

architecture dat_full_sub of full_sub is 

begin 

diff «= (A xor B) xor C in ; (B andC in ); 

borrow <= (not A and B) or (not A and Ci n ) or 1 
end dat_full sub; 


u* 0> 


anti 


ty 


fuUJ 


sub is 


P ° r 


(A 
dif f 


B, Cin : in bit; 

borrow : out bit 


, full_ sub; 

00 ^ 0 be hav_full_sub of full_sub is 

V** . (A , B, C in ) 


pro' 


,cess 


begi n 

case 


(A & B & Ci n ) is 

when "000" => diff <= 0; borrow <= 0; 
when "001" => diff <= 1; borrow <= 1; 
when "010" => diff <= 1; borrow <= 1; 
when "Oil" => diff <= 0; borrow <= 1; 
when "100" => diff <= 1; borrow <= 0; 
when "101" => diff «= 0; borrow «= 0; 
when "110" => diff <= 0; borrow <= 0; 
when "111" => diff <= 1; borrow <= 1; 


end case ; 
end process; 

end behav__full_sub? 

mole 7.17 Write the VHDL code ( structural model ) for a 4 ‘ bit subtracter 
using the full-subtractor designed in Example 7.14 as a component. 


A4-bit subtractor is implemented using four full-subtractors, as shown in Fig. 7.66. 



Fig. 7.66 4-bit subtractor using four full-subtractors 


The entity for a 4-bit subtractor is as follows: 

entity sub_4 bit is 

P° r t (A, B : in bit_vector (3 downto 0) , 
Bin : in bit; 

Diff : out bit_vector (3 downto 0) , 
Bout : out bit 
) ; 

Qnd subjj bit; 































architecture struct_sub_4 bit or suo_4 bit is 
component full_sub 

port (A, B, Cin : in bit; 

diff, borrow : out bit 


end component; 

signal temp : bit_vector (3 downto 1) ; 
begin 

FSO : full_sub port map (A(0), B(0), Bin , diff (0) , tempo 

FS1 : full_sub port map (A(l), B(l), temp(l), diff(i) / tem ' 

FS2 : full_sub port map (A(2), B(2), temp (2), diff (2), tem P(2 ^ 

FS3 : full_sub port map (A(3), B(3), temp (3), diff (3), Bout))^* 

end struct_sub_4 bit; 

Example 7. 18 Write the VHDL code for a 3:8 decoder using 

1 . Data flow modeling, and 

2. Behavioural modeling 

Solution 

The block diagram of a 3:8 decoder is shown in Fig. 7.67. 



Fig. 7.67 3:8 decoder block diagram 


The entity of a 3:8 decoder will contain the declarations of select lines and output 
lines. 

1. Data flow modeling 
library ieee; 

use ieee.std_logic_l 164 .all; 
entity dec_3_8 is 

port (sel : in BIT_vector(2 downto 0) ; 
en : in BIT; 

y : out BIT_VECTOR (7 downto 0) 

) ; 

end dec_3 8 ; 

architecture datflow_dec of dec_ 3_8 is 


^ "00000001" when "1000", 

^ "00000010" when "1001", 

"00000100" when "1010", 

"00001000" when "1011", 

"00010000" when "1100", 

"00100000" when "1101", 

"01000000" when "1110", 

"10000000" when "1111", 

"00000000" when others; 
end datflow_dec; 

, Beh avioural modeling 

library ieee; 

use ieee. std_logic_ 1164 . all; 
entity dec_ 3_8 is 

port ( sel : in BIT_vector (2 downto 0 ) ; 
en : in BIT; 

y : out BIT_VECTOR (7 downto 0 ) 

); 

end dec_ 3 _ 8 ; 

architecture behav_dec of dec_ 3_8 is 

begin 

Pl : process (sel, en) 
begin 

if (en='1 1 ) then 
case sel is 

when " 000 "=>Y<=" 00000001 "; 
when " 001 "=>Y<=" 00000010 "; 
when " 010 "=>Y<=" 00000100 "; 
when " 011"=>Y<=" 00001000 "; 
when "100"=>Y<=" 00010000 "; 
when " 101"=>Y<=" 00100000 "; 
when " 110 "=>Y$=" 01000000 "; 
when " 111 "=>Y<=" 10000000 "; 
end case; 
else 

y4="00000000"; 

end if ; 

end process pl; 

<< enter your statements here» 

®nd behav_dec; 
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Fig. 7.68 4-bit comparator block diagram 

The following VHDL code represents a 4-bit comparator, 
library ieee; 

use ieee. std_logic_1164. all; 

entity cmp_4 bit is 

port ( a : in BIT_VECTOR (3 downto 0) ; 

b : in BIT_VECTOR (3 downto 0) ; 
eq : out BIT; 
less : out BIT; 
greater : out BIT 

) ; 

end cmp_4 bit; 

architecture cmp_4 bit_arch of cmp_4 bit is 

begin 

eq<='l' when (a=b) else 'O'; 
less«= '1' when (a<b) else 'O' ; 
greater<= '1' when (a>b) else 'O'; 
end cmp_4 bit_arch; 

Example 7.20 Write the VHDL code for a positive edge-triggered D flip-flop. 

(a) without reset and preset inputs, 

(b) with reset and preset inputs. 

Assume the delay of flip-flop is 5 ns. 

Solution 

(a) The basic D flip-flop is shown in Fig. 7.69. The truth table is shown in 
Table 7.9. 


Table 7.9 Truth table of D-FF 


CLK 

D 

Qn+1 

i 

1 

1 

l 

0 

0 

0 

X 

Qn 


CLK 



Fig. 7.69 Positive edge-triggered D-FF 


re K, CLKe 


Xibt ary 

use ieee 


ieee; 

. std__logic_1164 .all; 


entity 


D_ff is 

port (Din, CLK : in std_logic; 
Q t q : out std_logic) ; 


architecture d_ff_arch of d_ff is 

begin 

process (CLK) 
begin 

if (CLK' event and CLK = '1') then 
Q <= Din after 5ns; 

Q <= Din after 5ns; 

else 

Q <=Q; 

Q <= Q 

end if; 
end process ; 

end D_ff_arch; 

(b) The following code shows a D-flip-flop with asynchronous reset and preset 
inputs, as shown in Fig. 7.70. 

library IEEE; 

use IEEE. std logic_1164. all; 


entity D_ff is 

port (Din, reset, preset ,CLK : 
Q, q : out STD_L0GIC 


in STD_L0GIC; 


); 


end D_ff ; 

architecture D_arch of D_ff is 
begin 

process (reset, CLK, preset) 

begin 

if (reset = '1') then 
Q <= 'O' ; 

Q <= '1'' 




























else 

Q <=Qi 

q <= Q ; 

end if; 
end if; 
end if; 
end process ; 
end architecture; 



Fig. 7.70 D flip-flop with reset 
and preset inputs 


Example 7.21 Write the VHDL code for a level edge-triggered J-K flip-flop 

(a) without reset and preset inputs, 

(b) with reset and preset inputs. 

Assume the delay of flip-flop is 5 ns. 


Solution 

library ieee; 

use ieee. std_logic_l 164 . all; 

entity JK_FF is 

port (J, K, CLK : in bit; 

Q, q : out bit 
) ; 

end JK_FF; 

architecture behav_ JK_FF of JK_FF is 
begin 

process (J, K, CLK) 
begin 

if (CLK= '1') 

case (J & K) is 

when "00" => Q <= Q after 5ns; Q <= Q after 5ns; 

when "01" => Q <= 0 after 5ns; q <f= 1 after 5ns; 

when "10" => Q <= 1 after 5ns; q <= 0 after 5ns; 

when "11" => Q <= q after 5ns; q <= Q after 5ns / 

©nd case; 

else 

Q <= Q; 

Q <=q; 

endif ; 

end process ; 




P r< 


ocess 


(J,K, reset, preset, CLK) 


then 


b©9 in _ \ -i r > 

if (reset - 1 - 

Q <= '0' ; 

Q <= ' X '» 

elsif (preset= '1') then 

q <= H'; 

Q <= ; 


elsif (CLK= '1') then 
end if; 
begin 

if (CLK = '1' ) then 
case (J & K) is 

when "00" => Q $= Q after 5ns; Q <= q after 5ns; 

when "01" => Q <= 0 after 5ns; q 1 after 5ns; 

when "10" =» Q <= 1 after 5ns; q <= 0 after 5ns; 

when "11" => Q <= q after 5ns; q <= Q after 5ns; 

end case; 
else 

Q <=Q; 

Q <= Q ; 

end if; 
end process; 

end JK FF arch; 


Example 7.22 Write the VHDL code for a presettable 4-bit up-down counter 
having an asynchronous reset input. 


Solution 

The counter block diagram of a presettable 
4-bit up-down counter is represented in 
7.71, where the counter has 4-input 
toes for presetting the count, a control line 


ronously, areset line, a mode control inpu 
an d Tour-output lines, 
he following code implements thi 
4 - b »U/D counter: 



4-bit 



u/d 


CLK ^ 

Counter 







U/D 

1 1 


Reset Preset 


Fig. 7.71 4-bit U/D counter 


Outputs 

















port (CLK, reset, preset, ud:in STD_LOGIC; 

P ° Gout: out INTEGER range 0 to 15 

); 

end spudc; 

architecture spudc_arch of spudc rs 
begin 

process (clk, preset, reset, cnt) 

begin 

if (reset= '1' ) then 
Cout«=0; 

elsif (CLK= ' 1 ' and CLK' event) then 
if ( preset® '1') then 
Cout<=cnt; 

else 

if (ud= '1') then 
Cout<=Cout + 1; 

else 

Cout<=Cout - 1; 

end if; 
end if; 
end if; 
end process ; 
end architecture; 

Example 7.23 Write a VHDL code for the function that adds two 4-bit vectors 
and a carry and returns a 5-bit sum. 

Solution 

function add4 (A,B: bit_vector(3 downto 0); carry: bit) 
return bit_vector is 

variable Cout: bit; 
variable Cin: bit := carry; 

variable Sum: bit_vector(4 downto 0) :="00000"; 

begin 

loopl : for i in 0 to 3 loop 

Cout : = ( A (i) and B(i)) or (A(i) and Cin) or (B(i) andCin)- 
Sum(i) := A(i) xorB(i) xor Cin; 

:= Cout; 


k 






°° , 72 4 Write the VHDL code for a procedure that adds , Wo „ h , 
carry and returns an n-bu sunt and a carry. Addl and Add2 
vector* ano of (he same length and dimensioned (n - 1 ) down to 0 


are 


s#lut, S» r * Addvec 

pr0 A ddl^dd2: in bit_vector; 
Cin: in b ^ t ' 

sig nal Sum: out bit_vector; 
signal cout: out bit; 
n:i n positive) is 
variable C: bit; 


C := Cin; 

for i in 0 to n-1 loop 

Sum(i) <=Addl(i) xorAdd2(i) xor C; 

C := (Addl (i) and Add2 (i)) or (Addl(i) and C) or (Add2(i) andC); 


end loop; 
Cout <= C; 
end Addvec; 


SUMMARY 


In this chapter, we discussed advance methods for describing and designing the 
sequential circuits. These are: (a) algorithmic state machines, (b) register transfer 
language, and (c) VHDL. 

Algorithmic state machines 

ASM charts are suitable where the system contains more number of input a P 
variables. ASM notation uses three basic symbols. We have discussed thes J 
toeir meaning, and use in drawing ASM charts. We have also discusse t ^ 

methods of designing the sequential circuits described by ASM char s. 
method using flip-flops and gates and multiplexer control ™?° fter gra sping PLD 
Tta control using programmable logic devices can be s 
arc hitecture and design methods. 

Vter transfer language system are t0 be 

L notation is preferred where the control and data sectio register transfer 

*»*« RTL notation all...-» ** £o6 ‘ "" 







descrioeu vy * 


VHDL . discussed the basic modeling styles of designing a dieitai 

,h,S VHDL We have also discussed the important constructs of the bag*** 
US,ng In, concurrent and sequential statements used in VHDL. Further, the L, d 
f "TZl configurations used in VHDL. Final.y, the important data ofe 

to ubtypes along with the important VHDL operators are mentioned. „ hel " 
students to write VHDL codes for s.mple comb.nattonal and sequential circuits. 


^_ — KE y TERMS AND DEFINITIONS 

Algorithmic state machines (ASM) It is a sequential circuit, used to control a digita, 
system that carries out a step-by-step procedure or algorithm. 

ASM chart It is a superior notation, especially while designing synchronous circuits 
As the name suggests, all the controllers are the state machines into which the 
algorithms are translated. An ASM chart is basically composed of three basic 
elements: state box, decision box, and conditional box. 

State box Any state in the control sequence is indicated by a state box. It j s 
rectangular in shape within which the output signals, which are generated or the 
register operation which should be carried out in that state, are written. The name of 
the state and the binary assignment of the steps are written at the upper left and right 
comer of the state box. 

Decision box It is a diamond-shaped box with two or more exit paths. It expresses 
the input conditions which decide the state change. The input condition, which is to 
be tested, is written inside the box. Generally, the condition written inside the box 
is a Boolean expression that is evaluated to determine which branch to take. 

Conditional box It is an oval-shaped block in the ASM notation which is used to 
represent the output produced during a state, only when a certain input condition is 
satisfied. Hence, the input path to the conditional box must always come from one 
of the exit paths of a decision box. 

ASM block The ASM chart is constructed from an ASM block. An ASM block is a 
structure which represents one state. An ASM block has one entrance path and one 
or more exit paths. 

RTL RTL notation is preferred where the control and data sections of a system are 
to be designed systematically. It allows us to describe various register transfer 
operations, logical operations, and branching (conditional transfer operations). 

VHDL It is a hardware description language which is used to describe the structure 
and behaviour of a digital system. VHDL stands for VHSIC Hardware Description 
Language, where VHSIC in turn stands for Very High Speed Integrated Circuits. 


i. ^ 


ilain 


tne 


2 leS 

' <1 help of a neat diagram, explain the difference between the output 
^ ^ith ttie ^ a state box and a conditional box. pui 

2 ene raied act j 0 n block? Explain with a suitable example. 

4 lVha ‘ height exit paths of an ASM chart that check the conditions of three 

5 ' Sl TJvariables.^- B ’ and C 

^ suitable example, explain the multiplexer control method of ASM 
A With a su 

0 • lementation. 

imP it implementation of an ASM chart contains three flip-flops. What 
7l A he the configuration of the multiplexer used? How many multiplexers 


an ASM chart for a modulo-6 counter with a reset input. 

' Draw an ASM chart for the following description. The circuit has three input 
2 variables (A, £, C), four outputs (W, X, Y, Z), and two exit paths. 

For this circuit, output Z is always 1 , and W is 1 if and only if A and B both are 1. 
If c = 1 and A = 0, then Y = 1, and exit path 1 is taken. If C = 0 or A = 1, then X 
- 1 and exit path 2 is taken. 


3 Draw an ASM chart of a sequence detector which detects the sequence 110. 

The output Z becomes 1 along with the third correct bit of the sequence. 

4. Draw an ASM chart for the circuit shown in Fig. 7.72. 



Fig. 7.72 


5. 


6 . 


Draw an ASM chart and design a circuit using D flip-flops and t \ ^ 
The circuit has a control input X, clock, and outputs A ^ 

ever y rising edge of the clock, the code of BA changes from 
11 00 and repeats. If X = 0, the circuit holds the present state. 

De sign a synchronous controller having the following ASM cha 
Fl 8 - 7.73) using D flip-flops and suitable gates. 
























Fig. 7.73 ASM chart 



Register transfer language 

1. Explain the RTL notation used for register transfer operation, with a suitahl 

example. ’ 0Ie 

2. Explain the unconditional and conditional branch statements in RTL notation 

3. List various declarative statements used in RTL. 

4. Explain with a suitable example, the RTL notations used for the logical 
operation on register contents. 

5. Explain how to get shifting and rotation operations on the register contents in 
RTL notation. 


Problems 


1. Show the hardware implementation of the following statements in RTL 
notations: 


(a) Y<-XvA 

(b) B <— C[0J, CHI C[2], C[3] 
(c )Z=Y 


Assume all the 


registers to be 4-bit. 


inthe data 
)Min e 


in A antl ^ 


data in snmeu to B-regi s t er h ", “ data 0n 

is ORed and stored in C-register. Finally, | he ''^ bi Und lhe 


data ‘ n on Clines. 
isplaC L logic diagram and hardware realization of data seci 
- Give lh f fhe following RTL description. cll0n 

se cti° n . D rogram_l 


register 
and control 


seCl • program_ 

^ory = a[2,< bt2 

memory 

inpu^ :=<2 
outputs: z [21 

^ a X 


c [2] 


B 

2. C <- 

3. A 

4. Z * A 
end sequence 


A 

B A C 


4 construct a logic diagram of control and data units specified by the followino 
rTL description, where a and b are FFs, a: is an input, and Z is a single output 
line. 

1. at-Jtv b 

2. b<r-x 

-»(a, a)/(l, 3) 

3. Z= 1 ,b*-x® b 

->(D 

5. Write an RTL program for the following description. 

When the controller receives the “data_out” signal from the processor, it places 
4-bit data on the I/O bus data lines. These four bits form a BCD digit which is 
displayed on a 7-segment display unit. Similarly, when the controller receives 
the “data-in” signal from the processor, the status of the four switches within 
the controller is sent to the processor via the same four lines. 

VHDL 

1 Explain in brief the three modeling styles in VHDL. 

2 With suitable examples, explain the conditional signal assignments in VHDL. 
Explain in brief the following sequential statements in VHDL 

m! ^ en e * Se (b) case-when (c) for-loop 

(elite, (0 Wait 

are the various classes and types of data objects in VHDL? 

List the various VHDL operators. 

7. Explain 01631,1 ^ Confi 8 uration ’ in VHDL? 

8 What 310 ! hC Synt3X 0f P rocess statement in VHDL and its importance. 

ls component instantiation’ in VHDL? Explain with a suitable example. 























(C) 4-bit BCD adder using ‘t-uu u...ai^ auuu un a component 11 

(d) 8:1 line multiplexer 

(e) 16:1 multiplexer using 8:1 multiplexer as a component 
2 Write VHDL codes for the following sequential circuits: 

(a) Master-slave JK flip-flop using NAND gates as components 

(b) Master-slave JK flip-flop in behavioural modeling 

(c) 3-bit up-down counter (structural and behavioural) 

(d) 3-bit shift register (structural) 
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Programmable Logic 
Devices 



i Chapter Outline 


B *»nMt»so' PLA - PALaMGAL 

i mentation of various combinational and sequential circuits using 
ratable logic devices 

^. rn -,i archit ecture of advanced devices like FPGA, CPLD, and ASIC 


INTRODUCTION____ 

^mrnable logic devices are a group of integrated circuits that can be configured 

0? rform logic functions. The term programmable means that the function may be 
10 dfied after the chip has been manufactured. As we know, it is always possible to 
egress any combinational logic function in sum-of-products form. Programmable 
logic devices provide us the facility to create these sum and product terms with the 
help of AND and OR matrices. 

PLD ICs come under the LSI (Large Scale Integration) category. PLD designs 
typically have lesser power consumption, fewer IC count, and are more reliable 
than discrete logic designs. There are several types of PLD ICs from different 
vendors. Generally, PLDs may be classified depending upon the programmability 
of the AND and OR arrays. PLDs with programmable AND and fixed OR arrays 
are called Programmable Arrays Logic (PAL). PLDs with programmable AND 
and OR arrays are called Programmable Logic Array (PLA). This chapter cov ers 
PLA, PAL, Generic Array Logic (GAL), Complex Programmable Logic Device 
(CPLD), and Field Programmable Gate Arrays (FPGAs). 


^PROGRAMMABLE LOGIC array 


Historically, the first PLDs were PLAs. A programmable logic array device 
" Wa y of AND and OR functions whose configuration is done y f 

•My consists of a set of fusible links which establish onremove 

in AND function or contact of a product term in t e oera mmable. 

ihose PLDs in which both AND array and OR amy ® P"** 








sequential applications. 

8 2 1 Block diagram of PLA 

PLA is a type of fixed architecture logic device with programmable AND and or 
1 T,e block diagram of PLA ts as shown in Fig. 8.1. a OR 


gates, 



(Sum terms) 

Fig. 8.1 Block diagram of PLA 


The block diagram of PLA, shown in Fig. 8.1, has input buffers, AND gates 
array (matrix), OR gates array (matrix), invert/non-invert matrix, and output 
buffers. It has M inputs (/ 0 through / M _ ,) and N outputs (O 0 through 0 N _,). 

An AND gate matrix produces K product terms (P 0 through P K _ j) and an OR 
gate matrix produces Amin terms ( Sq through 5,y_ i). Such a PLA can be described 
as an (M x AO PLA with A"product terms. In general, K is far less than the number 
of minterms (2 W ). unlike in case of PROM. 



fig- 8.2 PLA with 3 inputs, 3 outputs, and 6 product terms 


rich i"P Ut utch is produced by a buffer through fusible links. The output of 
L ^ na ' * connected to each input of OR gates through fusible links. The 
d)g ateSar ! he array are indicated by rs.The device is programmed byretaining 
Sections m m h ^ nee ded and removing the rest, since they are made up of 
Kco«’ ec00 T S his construction is similar in both AND and OR array. 

JLjble l' nks ,. " a ngement in a PLA can be implemented with the help of input 
•fl,e over® 11 array, inverting/non-inverting matrix, and output buffer. 

w fR r ' AND a ' 

I** 0 *. jtsarep rovided at the input side to avoid loading the source which 

ut buff er circ both inverted as well as non-inverted input at the output 

^inputs- Itgen er 


S&f 8 5 

js shown in Fig- 



r4t> 


Fig. 8.5 Input buffer 


and matrix een erated using AND matrix. There are fusible links 

wSe^Sproduct terms are generated by fusing the unwanted links. 



































































































1,1 J1 ’ c T h eS e sum terms are romieu wun me uk matrix. The Op U1 S 

SjalSSr L* is show, - BUT 



From Fig. 8.7, it can be seen that if none of the fuse links in the emitter of 
transistor is blown off, then the sum term S 0 is given by the equation 

S 0 = P 0 + P,+P2- + Pk-i (8 ' 2) 

Whenever a fuse link is removed, the particular product term will not appear 
in the sum term. 

Thus, the OR array is programmed by fusing the unwanted links. 

Invert/non-invert matrix 

The invert/non-invert matrix is a buffer which is used for setting the output to active- 
low or active-high, as shown in Fig. 8.8. This is configured with the fusible link 
provided across the inverter or at the input of the XOR gate. 


o- 


So 


{> - 1 -o 

Sq or S 0 


(a) 



fig- 8.8 Invert/non-invert matrix 
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Fig. 8.9 Output buffer 


Combinational Logic Design using PLA 

8 ' 2 ' 2 dely used for implementing combinational logic circuits in order to 
pLAs are VV ' dis cre te ICs used, like AND, OR, and Inverter. Since PLA has a 
replace the AfJD anc ) qr array, it is beneficial to minimize the given logic 
program* 1 ^ minimum §OP form using K-map or Quine-McCluskey method. 

function t0 . then followed to implement this minimum SOP form function 

The steps WIUC/ 


are: 


1 prepare a PLA program table format indicating inputs, product terms, and 
outputs. 

2 Mark the input connections of AND matrix to generate the required product 


leiliia- 

3 Mark the input connections of OR matrix to generate the required output 
(sum) terms. 

4 . Mark the connections required for invert/non-invert matrix for setting an 
active high or active low output. 

5. Program the PLA with the help of a PLA program table. 

fi ample 8.1 Implement a full-adder circuit using PLA having three inputs, 
eight product terms, and two outputs. 


Solution 

The truth table of a full-adder circuit is given in Table 8.1. 
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K-map for S 


K-map for C 


Fig. 8.10 K-maps for 5 and C out 


S = ABC in + ABC m m + ABC m + ABC m (g 5 ^ 

C Ml = AB + BC in + AC in ( 8 . 6 ) 

From Eqs. 8.5 and 8 . 6 , it can be seen that there are seven distinct product terms 
and two sum terms. The PLA program table shown in Table 8.2 contains three 
columns, specifying product terms, inputs, and outputs. In the first column, all the 
product terms are listed serially. The second column specifies the input 
conditions (logic 1 or logic 0 or -), required for the AND matrix for the 
corresponding product term. The third column specifies the connection of the 
product term fn the OR matrix, for a corresponding output. Logic 1 stands for the 
connection and stands for the absence of the product term in the corresponding 
output. Below each output column, we write a T (for true) for an active high output 
or a C (for complement) for an active low output. This is required to invert/non¬ 
invert the matrix connections. 


Table 8.2 PLA program table for Example 8.1 



Product terms 

Inputs 

Outputs 

A 

B 

C in 

S 

Cout 

l 

ABC in 

0 

1 

0 

1 

- 

2 

ABC ,„ 

0 

0 

1 

1 

- 

3 

ABC m 

1 

0 

0 

1 

- 

4 

ABC,„ 

1 

1 

1 

1 

— 

5 

AB 

1 

1 

- 

- 

1 

6 

BC,„ 

- 

1 

1 

- 

1 

7 

AC m 

1 

_ 

1 

- 

1 
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Figure 8.11 shows the diagram of a (3 x 2) PLA with 8 product tcrni- 
Programmed according to Table 8.2. 



Fig. 8.11 Programmed PLA for Example 8.1 


8 2 Implement the following output functions using a suitable PLA 

^ 0pe HA<B X,D)^m{ 3,7,8,9,11,15) 

F 2 (A,B, C, D) = 2m(3,4,5,7, 10,14,15) 

Fj(A, B, C, D) = 2>w(l, 5, 7, U, 15) 

S ° IU b!ock diagram for the above multiple output system is shown in Fig. 8.12. 
^While implementing a combinational circuit using PLA, first there is a need to 
function in sum of products form. This decides the required size of PLA and 
ftirthen it is used to get the PLA program table. Even 
ihough K-maps provide an optimum minimization 
of the function, while implementing the functions 
using PLA, we must try to find the common product 
terms among the K-maps of the outputs. This allows 
us to share the product terms and thus reduces the 
number of AND gates required. Hence, while 
looping the minterms for PLA implementation, the 
approach is slightly different than implementing 

using AND-OR gates. __, , . 

Figure 8.13 shows the K-maps for F\, Fi, Fj and g' ves t l' eir $ orms “ 
a minimum number of distinct product terms. 



Fig. 8.12 Block diagram for 
multiple output system 
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K-map for ^3 





















































































Fl = ABC + ACD + BCD* ACD ( 8 . 8 ) 

f i= ACD + BCD + ACD (8.9) 

o 7 « X and 8 9 indicate that there are seven distinct product terms 
Equauons 8J F „ F„ and F y Hence, it is required to use a 

and three are being * . s three outputs, and seven product terms. Table 

PLA with minimum a (4 x 3) PLA with seven product terms, 

g .3 shows the program table ror 


Product terms 

Inputs 



Outputs 

A 

B 

c 

D 

F, 

f 2 


— 

i 

0 

_ 

1 

1 
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Figure 8.14 shows the diagram of a (3 x 2) PLA with seven product terms 
programmed according to Table 8.3. 



r>e, as , hp combinational — ■> - u., vc me thp-n op in 

* Renting J e djagra m of a sequential circuit using PLA can be represented as 
i [,lp ' the b '°o ,« 

< in Fig- 8 ' 3 ' 

ill ^ 1 



External 
inputs 
*1 (if any) 

(if any) 

Fig 8 15 Block diagram of sequential circuit design using PLA and DFFs 

. nesien a synchronous sequential circuit for the state diagram 
hample 8.3 uesign a y- fl;„.fi nns , n a . onimhle PI A 



Th 

t Stale tab ^e for Fig. 8.16 is shown in Table 8.4. Theflip-fl°P 

i no lnce t h ere are five distinct states, we need to use three ip 
r S . ^ d a, D c and the outputs will be Qa, Qb ’ c 
1 e state assignments be 
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K-map for D 4 
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K-map for D B 
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K-map for Z 


i/ 


Db 


Dc 


7)^c+ QaQb _ 


( 8 . 12 ) 

- - x+Q* Q cX+ ® aQbQc * +Qa ® bQc * (8l3) 

2 s U* B nd g j 3 indicate that there are nine distinct products 
8 10,8-1 ^- l2 ’ a ;; andZ Hence, we need to use a (4x4) PLA with 
Wgjg shared amongs ^ ^ prQgram table for a (4 x 4) PLA with nine 

^ cttermS ' Tabe 

**» b)e 8 6 PLA program table for Exampl e 8.3 



figure8.18 shows the diagram of a (4 x4) PLA with nine product 
Programmed according to Table 8.6 with D flip-flops. 

^jJRO GRAMM yVB LE 


ARRAY LOGIC 


logi ‘ (PAL) devices are those PLDs which are ***** 
andan? ** readll y available. P ALs, like PLAs, consist of an array o 
that lin ^ ° f ° R gates - The major difference between PLA and PA 

is Uted 3 ^ both tbe arra y s are programmable, whereas in ■ 









































































































8.3.1 Block Diagram of PAL 

PAL is a type of fixed architecture logic device with programmable AND gates 
and fixed OR gates. The blpck diagram of PAL is as shown in Ftg. 8.19. 
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Fig. 8.19 Block diagram of PAL 


The block diagram of PAL, shown in Fig. 8.19, has input buffers, AND gates 
array, and OR gates array. It has M inputs (7 0 through 7 W _ i), and N outputs 
(O 0 through 0 N _i). 

An x indicates the programmed connection between an input signal and the 
put o AND gate. The programmed connections are made via EPROM cells or 
other programming technology. 



































































































































(d) Registered Output PAL 



Fig. 8.20 Types of PAL 


8.3.2 Registered Output PAL 

Registered output PALs have flip-flops that store the output. They also have an 
output tri-state buffer. Figure 8.20(d) shows the arrangement of a registered output 
PAL. The flip-flop output is made available as an input to the AND array to be 
used in the additional product terms. These feedbacks are important for creating 
the next state logic, state machine outputs, counter shifters, etc. The clock for the 
flip-flop is from a dedicated pin. The typical requirement of feedback is in the 
flip-flop input function expression. For example, 

£>a = Qa + Qr 
D b = QaQb 

where D A and Z^are getting driven by the product terms in which the feedback is 
taken from Q A and Q B . The use of registered output PALs will be demonstrated in 
the discussion of sequential logic design using PALs. 

PALs are also available with XOR excitation inputs to the output flip-flop, as 
shown in Fig. 8.20(e). This allows logic reduction when the flip-flop excitation 
functions are simply realized using XORs. 


8.3.3 Configurable PAL 

Configurable PALs have much more flexibility in the output arrangement. In such 
t the out P ut arr angement is referred to as a programmable macrocell which 
e .ndiwtaauy programmed by the state of configuration bits. Figure 8.21 
ypical macrocell of a widely used PAL: 22V10. 



Table 8.7 22V10 macrocell configuration table 


C, 

Co 

Description 

0 

0 

Registered and active low 

0 

1 

Registered and active high 

1 

0 

Combinational and active low 

1 

1 

Combinational and active high 


--'''10 is an example of configurable PAL with 22 inputs, 10 outpt 
'ariable product terms per OR gate from 8 to 16. 


^ Combinational Logic Design using PALs 

^feigning with PAL, the function in its sum of products form !j^et 

p ' fle d to fit i M o each section. Since the OR array is fixed, the num 

, if the number of product tern 


terms 


Per OR 


gate cannot be changed. Hence. 































































































/n pj a ^-input,- 

Si' implement .he circuit using a suitable PAL. 

A(x,y,z) = *"( l ’ 2 ' 4 ’ 6) 

B(x, y, z) = Xm(0, 1,3, 6, 7) 

C(x, v. z) = 1 ’ 2 ’ 4 ’ 6 ’ 7) 

£)(x, y, z) = £".(! . 2,3,5, 7) 


°Utp ut 


TheK-maps for outputs A, B, C and D are given in Fig. 8.22. 



A=xz +y z + x yz 
B=xy +yz+xy 

C= x yz+x z+xy + yz 
D = z +xy 

From the expression of output C (8. 16) and output A (8.14), 


(8.14) 

(8.15) 

(8.16) 

(8.17) 


C=xy+A 

From equations 8.14,8.15,8.16, and 8.17, it can be seen that there are 3 inputs, 
4 outputs, and a maximum of 3 product terms per OR gate. Hence, a 4 x4 PAL is 
required with programmable input/output so as to allow us the use of one output 
' n otherout P ut function (Q with feedback. 
e program table shown in Table 8.8 contains three columns specifying 
contain,-T n,S ' n °^' in P u,s a °d outputs. In this example, the input column also 
’ Smce tlle f ee£f back is used for one AND gate input. 



’ ‘ ^ ec iuential Logic Design using PAL 

in Ls havin 8 registered outputs and feedback from output to input cant be used 

llZln g sequential logic circuits. These PALs can be used for tmple 


































































































outputs have tri-state control. If they are d saDica these output pi ns can b e U 7 u 
forgiving additional external inputs and .1 the ."-state control i s enabled the ed 
SJ feedback to the ANDga.es. Since these PALs have flip-flops as well as 2'" s 
OR arrays, a complete sequential circuit can be fit into it without any ex , e 
hardware. 


Example 8.5 Design a 4-bit Gray code counter using a suitable Pal d 
Show the coded logic diagram of the device. v,c e. 


Solution 

The state diagram for a 4-bit gray counter is shown in Fig. 8.24. 



Table 8.9 Excitation table for Example 8.5 



,.<fmaxinHtrn of 13 product terms. Hence, we need a 4 Z Z1 
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K-map for D 3 


Fig. 8.25 K-maps for D 0 , D 1; D 2 , and D 3 


The PAL program table shown in Table 8.10 contains three columns, specifying 
product terms (no), inputs, and outputs 


Table 8.10 PAL program table for Example 8.5 


Product term? 

AND inputs 

Outputs 

- 


So 

Q, 

Qi 

Qi 


Gofe 

1 

1 



1 


QoQi 

2 

1 

- 

1 

- 

D 0 = QoQi + Q 0 Q 2 


3 

- 

1 

0 

0 

+ Q 1 Q 2 Q 3 

~ 

4 

_ 

_ 

_ 

_ 


Q\Qi 

5 


1 

0 



2iQ 3 

6 


1 


1 

D,= Q 1 G 2 + 0103 

Hq 3 

7 

8 

0 


1 

0 

+ QoQ2Qi 

Contd. 























































































product to- 


QiQi 

QoQ\Qi 

QoQiQi 

Q 0 Q 1 Q 2 

Q0G1Q2 

Q0Q1& 

Q0Q1Q2 


9 

10 
11 
12 

13 

14 

15 

16 


l/o 


° 2 ~ QiQi + % Qj Q 
+ QoQ,Q 3 


° 3 - QoQlQ2+QoQ,Q 2 
+ Q0Q1Q2 

+ QoQ\ Q 2 



Pin D r. 


> hish 
pffg 


.hig" with no external u mp-uups. 

;<ie rC< * ° 1 f) t sho' vs t * ie program table and Fig. 8.26 shows the PAL diagram 

dis according to the table. 

jgf am 

ENERlCARRAyj,OG!CDEV t CES_ 

$i G - ^^Xdevices or G AL devices ' 'produced by Lattice Semiconductor 
Generic array * of seque ntial PLDs. It contains a programmable AND array. 
ComP any ' af ra y and an output state similar to a PAL device. The output stage is 
a fixed OP ar > output logic macrocell (OLMC) by Lattice. It contains multiplexers. 
peered 10 as outpu t buffers. GAL devices are electrically erasable PLDs 

Hip-flops, an be programmed when they are connected on acircuit board 

(E EPLDs)- , e in y 

t Architecture of GAL16V8 

8 vice can have up to 20 inputs (with some pins as either inputs or registered 

A l6V8devtc ^ outputs . The logic diagram is shown in Fig. 8.27. It contains an 
feedbacks) ^ pro duct terms generated from it is given as inputs to the OLMC 

AN ^ These product terms are generated from the inputs or register outputs like a 




















































































































































































































programmaWebyhaving^a^X OR ■ (M|)andthe ,H-state rauhfpTexl^ 

'r e i™f^-' beOLMCe, " b '“" n “'« 

“ ” pr °" Mf " ab “ k fro1 " "* “staaw 

ou.pu t e. and .he .ri-s.ate ou.pu. from the output multiplexer or from an adja Cem 



Clock from From previous 

previous stage stage output 


(m) (m) 


Fig. 8.28 GAL 16V8 output logic macrocell 


8 .5 CLASSIFICATION OF PLDs _ 

There are various circuit technologies for building and actually programming a 
PLD. They are based upon the type of device used for programming (like BJT, 
diode, or CMOS). Based upon these devices, the PLDs can be classified as 

• Bipolar PLD circuits 

• CMOS PLD circuits 


Bipolar PLD circuits 

tran^!tn USSed AND-OR arrays have bipolar elements like diodes or 

devices uThT™!- ^ row ' column Junction in a PLA. Earlier, PLA and PAL 
ese lpolar circuits. Such a bipolar PLD is manufactured with all 






more i 


circuits, instead of diode, an n-channel transistor with 
<r 0 f CMOS VL- is placed at each intersection between an input and word 

^^^array)- InCMOS PLDs, the programmable links are generally 

^-colomnot ranima ble dev.ces, the links connection is removed or 
K sed l" n ° n t of the metal mask pattern generated by the manufacturer In 
*Ihed as a pa , nima ble devices, either floating gate programming technology 
^ „ field'P^f L memory cell to control the state of each connection. 
Jed° rarea SoS PLD circuits are: 

^‘‘‘^ Programmable Logic Devices (EPLD) 

• Er ■ iiv Erasable Programmable Logic Devices (EEPLD) 

• EleCtr ! Ca programmable Logic Devices (CPLD) 

• ^/programmable Gate Array Devices (FPGA) 


COMPLEX PROGRA MMABLE logic devices _ 

ahi/iogic devices are basically LSI devices which are suitable in cases 
^helogic design has a larger number of inputs and outputs. When the number 
f^utsand outputs is still higher than the capacity of existing PLDs, it is necessary 
increase the density. If the PLDs are simply made larger in terms of inputs, 
outputs, and product terms, they become slower due to capacitive effect, leakage 
currents etc. At the same time, this solution does not make any cost-effective use 
of chip-area. Hence instead of increasing the inputs, outputs, and AND terms, it is 
belter to have multiple PLDs structure having programmable connectivity. 

Complex Programmable Logic Devices (CPLDs) are originated from this idea. 
CPLD is a collection of individual PLDs on a single chip, with a programmable 
interconnection structure that allows the PLDs to get connected as the user wants. 
Figure 8.29 shows the general architecture of a CPLD with input/output blocks, 
PLD blocks, and programmable interconnect. 



Fig. 8.29 CPLD architecture 



















































































A.lmx 9500 senes 


CPLDs f fom jMonainni^ interconnect. In this cnapter, 
output blocks. ®J[ discussed. 

CPLD architecture is 

... vr 9500 CPLD Family 

8 . 6.1 Xilin** ii|vis5yX ilinx, with similar architecture for a series of 

The XC 9500 CPLD W ’ he numb er of external input-output (I/O) pins 

and the number of intern devices in the family are named according t0 the 

As shown in Tab e*.* • „ The numbe rof I/O pins for each device varies 

number of macrocells iney ^ details about eaC h part number and package 



^^^f^^hg^fcdilgtrimnf the internal aichilemureofXC9500 family CPLD. 
F,gure 8 . 30 . a Wo d ^ asanmput , output, or a bidirectional pm according 
Each external 1/Op of the p i ns (shown at the bottom) can also be 

e'“ tol clock! (0CK) - slotal “' ,^e ‘ e, <0SR) “* 

fn.lrc block diagram receives 36 signals from the 

swilctorarrix. Tire number of function blocks variesaccording to the specific device 

“ riCt^-b. mac,L,,s within tbePB,^ 

,be remaining inpms fmm external I/O pins The 18 outputs from each FBs .to 

get connected to external I/O pins through the switch matrix. 


t/o n- 
i/oQ- 
i/oO- 

1 / 0 O- 


WO-T 
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1 / 0 O- 


poO— 

O/GCK n-f— 
/O/GSR in 


O/GTS n- 


PO 

blocks 


Switch 

matrix 


36 

-t 


-+ 


18 


18 


Function 
block 1 

(18 Macrocells) 


36, 


18 


18 


Function 
block 2 

(18 Macrocells) 


Fig. 8.30 Internal architecture of XC 9500 family CPLDs 


p iD c ° n lloca tors), and programmable O/P arrangement (macrocell). 


> ct 


from 

switch 

d# 1 * 




Macrocell 1 

2 

Programmable 

AND 

Array 

Product 

3 

Term 

4 

Allocators 

l 



18 


18 

| TT 1° Switch matrix 
'io * OUT 
-^ PTOE 


Fio 8.31 


• n block has 5 product terms per macrocell. Hence, there are 

* c 9500 Ji8 x 5) in the AND array. 

90 product te k ^ duct terms are associated with each macrocell, with the 
gven thoug a u OC ator, it is possible to use the unused product terms from 

help of a P roduC || S w iththe help of a product term allocator. It consists of some 

the nearby I "“ C ^ itcheg and ga tes to pass on or accept the product terms to or from 
programmab e ^ ^ wefl as t0 create the sum terms by ORing the desired product 

t * tenea ^es wdches in the product terms allocator steer the input product terms to 

Wt ,w!mdiclterrn allocator in shown in Fig. 8.32. 


Product terms 


















































































































I/O block of XC 9500 

. 1 m ninv of XC 9500 family get routed through an I/O block before 

T«d» *.»» A " 1,0 block “ ■ how ” in ng 8 34 



The I/O block of XC 9500 provides three different analog controls. 

• Slew rate control For setting the rise and fall time of the output signals. 

• Pull-up register For preventing the output pins from floating at power-up. 

• User programmable ground For providing extra ground pins to handle 
the high dynamic currents at switching. 

I/O block also provides various digital controls, such as the output can be always 
on, always off, controlled by PTOE or global OE pins. 

This block provides compatibility of devices operating at different supply 
voltages. 




be,vvee 

>c# 


in'-' ■ - 


*** 

p R OCRAMMABLEGA. E ARRAY 

(PGAs) are the devices whicl 


—.—— 

' ’~7 rra ys (PGAs) are the devices which are similar to CPLDs 
rt mn ,able titv and can be used to implement a complete digital system on 
■ morefl eX1 pqa is a n 1C which contains an array of identical logic cells 
*4 1 C chip A K nterconn ections. An FPGA’s programmable logic cell is less 
,S tprog ramma tV but an FPG A chip contains much more logic than a CPLD of 
* lth I typical P Ll ^,. ,r t he user can program the functions realized by each logic 
^atttesize- ln p ^ between the cells. Such PGAs are called as FPG A, since they 

;Cll f,eld P r0graml ^ ab invented FPG As, two basic FPG A architectures have become 
Jli E venil’ oU 8 hXl , , r r X orn xilinx and Actel. Both the approaches have blocks or 
popular conf i gu rable and both of them have switching matrix to 

"’letconnectthesebkKks^g hag conflgurab le logic blocks and710blocks 

XilinxFPOA ar matr ix. The switching ma trix configuration data 

with a programme ^ ^ By selecting this memory chip as EPROM or 

isstored in an exten be change d, hence the device is reprogrammable. 

RAM ’ the , C ppr g A U s there are simple basic cells called as Iog,c modules and acomplex 
‘ nACte This architecture, due to the complex switching matrix, is not 

switching mat " • ' u j con fi g ured, it cannot be changed. 

»e will ttc*. the basic Xili.x FTOA a.ch.r.c.u.e »d 
.he popular FPGA series (XC 4000) »rch,,«e,u«. 

8.7.1 Xilinx FPGA Architecture 

Xilinx FPGA is basically made up of three modules. 

• Configurable logic block (CLB) 

• I/O block (IOB) 

• Switching matrix 

Figure 8.35 shows the general block diagram of FPGA stru 


































































combinational ogii Me Boo lean logic function, where „ den°° k ' 

Figure 8.36 shows .he block diagram of a s.mple configurable logic block of X c 
2000 series FPGA. 



Fig. 8.36 Xilinx XC 2000 CLB 


Combinational function generator 

It accepts four external inputs A, B , C, D, and the output of D can be external or 
feedback from the output selected by multiplexer M ,. The combinational function 
generator produces two outputs, F and C. With the help of multiplexers M s and 
M 6 , either combinational or registered outputs from F and G are available at the 
outputs, X and Y. 

Flip-flop 

The configurable logic block of XC 2000 contains a D flip-flop whose input D is 
dnven by F output. Its SET. CLR, and CLK inputs can be driven by one of the 
different sources as selected by multiplexers M 2 , and M 4 . 

Programmable multiplexers 

connection 1 l ° ^ USed t0 seIect various options of input and output 

inside the FPGa' “* pr ° grammed b y writin S the programming data in SRAM, 

I/O block 

in anFPGA Is required f" FPGA ‘ S r ° U ' ed through an 1/0 b| ock. The I/O module 
‘ypicnl I/O block is shown C ° mr ° ls 00 I/0s ’ Iike 3 CPLD - A 



Fig. 8.37 Xilinx FPGA I/O block 

The Xilinx FPGA programmable I/O block contains two flip-flops for registered 
input and registered output, which are connected to only one I/O pin, since it is 
bidirectional. The important controls which are provided in the I/O block of every 
1/0 pin are: 

• Output inversion control 

• Slew rate control 

• Tri-state control 

• Active/Passive pull-up control 

Switching matrix structure 

A switching matrix provides inconnection among CLBs and IOBs inside an 
FPGA. Every switch provides direct interconnection between adjacent CLBs or 
IOBs. In addition, a set of vertical and horizontal lines provides facility to connect 
any two CLBs within the FPGA. The general structure of a switch matrix is shown 
ln Fig. 8.38. 



Pig. 8.38 Structure of the switch matrix 








































































































g.7.2 XC 40 UU architectures of main modules within the FPq a 

In the previous switching matrix have been discussed. In this section, 

which are CLB. IOR« 11d 4()()() serics FPGA structure, 

let us discuss the Xdmx a ^ serjes archi , ec ture anses because the recent 

-The need forunderstand g ^ XMinx use xc 4000 architecture as their 

FPGAs like Virtex II andean 

basic building blocks. sim jUr to 2000 or 3000 series but more inputs 

The Xilinx 4000 senes ^ ^ added Like a CPLD family, the XC 4000 
outputs, and many otn ^ sjze an(J input . 0 utput capabilities. Table 8.12 
family also spans a rang ^ capacities in , er ms of their size of CLB, total 
gives an idea of some ^ [/0s FFs and the typ j ca i ga te count for each. 


Table 8.12 Some Xilinx XC 4000 family devices 


Device 

CLB Matrix 
size 

Total CLBs 

User I/O 

Flip-flops 

Typical 
Gate count 

XC 4003 E 
XC 4006 E 
XC 4008 E 
XC 4062 XL 

XC 4085 XL 

10 x 10 

16 x 16 

18 x 18 

48x48 

52x52 

100 

256 

324 

2,304 

3,136 

80 

128 

144 

384 

44 

360 

768 

936 

5,376 

87,168 

2k-5k 

4k-12k 

7k—15k 

40k-130k 

55k-180k 


Let us see the main blocks of XC 4000 architecture, which are: 
• Configurable logic block 


• I/O block 


• Switching matrix 


Configurable logic block of XC 4000 

Figure 8.39 shows a simplified block diagram of an XC 4000 CLB. It basically has 
nine logic inputs (F\ - F 4 , G\ - G4, and H\) and three outputs F, G, and H. The 
combinational function generator can generate the outputs in the following manner. 

• Two independent functions G and F of four variables, i.e. G(G 1 , G 2 , G 3 , 
C 4 ) and F(F h F 2 , F 3 , F 4 ). 

• One function H of three variables, i.e. H(F , G, H\). 

• Any function of five variables by having F\ - F 4 = G\ - G 4 with H \. 

• Some functions of six, seven, eight, and nine variables. 

The CLB contains two D flip-flops with the following features: 

• Enable Clock (EC) input 

• Direct Set (SD) input 

• Direct Reset (RD) input 

The above inputs and the inputs like D and CLK can be selected from multiple 
in the^lock d^^°^ rogramma * :) l e multiplexersM,, M 3 , and as s h° wn 



Fig. 8.39 XC 4000 series CLB structure 


I/O Block of XC 4000 

Any 1/0 pin on the FPGA can be used for input or output or both. Hence, like 
CPLD XC 9500 family, XC 4000 series FPGA also contains an 10B having more 
logic control than CPLD. 

Figure 8.39 shows the I/O block of XC 4000 series FPGA. Every I/O pm has 
two D flip-flops associated with it. The input and output paths within the FPGA 
contain these D flip-flops selectable by multiplexers Af; and Mi 
The 1/0 block’s other logic controls are polarity selection of the four signals 
which are output bits (OUT), three-state enable signal (T), an output clock (OCLK), 
an input clock (1CLK) enable with the help of multiplexers Af, - M 4 . 
xc TOGO I/O block also has analog controls like programmable slew rate o 
W1 put driver and pull-up/pull-down resistor for I/O pin. 


Xc 4000 1 


interconnects 


3mm ° pro 8 rair >mable interconnect architecture provides very e " se 
4 e C ^ c conn ectivity in a small silicon area. These interconnections 
, ,. San G I/O blocks can be made in several ways, which are. 

lrect interconnects 

0eneral-r 


| I “ 


purpose interconnects 












































































them. 


. „ 4( interc0 nnects can be grouped as global clocks, single 

As shown in Fig. »•« - Global clocks are optimized as clock inputs 

lines, double lines, and long I -T ^ mjnjmal slew . xhe sjng)e i ine s are made 

D..UM. .nd long line.mop.l^'cho^d*, 

for longer connections. 



: ! V)Ar s wn‘ cn .. Be f or e it is done, me sottware tools called as place 
><me<" or y ce d to optimize the device performance by finding a 
tiller fitter a re us connections and then, routing the connections by 
jrt*d*°, , allows short 

i>r> cws - 
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ON-SPECIFIC INTEGRATED CI RCUITS (ASICs) 

, j APPt- | ic devices have been discussed in the previous sections. 

^^rogr ammabl lS become type from a group of semi-custom ASICs. 
1^1 once progran- aS1Cs - n brie f. 

" |P section- letusd fi Cs w hich are meant and designed for a very specific 
l^, s are a group or w hich are not ASICs are standard parts such 

Ition. The examples or rYUYTL equivalent lCs under SSI, 

chips. m,C ^^^ t h^r side, the ASICs can be those which are used in 
tlSfofTS' cale ®°2^|de^apphcations, interface between memory and CPU, etc. 

^wi”*”«» basieeaKgo,ie5: 

, pull-custom ASICs 

. Semi-custom ASICs 

8,8,1 Fu "‘ CdSt ° IC includes a i m ost all logic cells (like PGA/CPLD) and 
Basically, a ful -cus . , s a n 0 ws designers to include analog circuits, 

interconnects that are customiz . structures on an IC. Hence, in a full- 

optimized memory cells, or even mec circuits, and layout, 

■« A popu^type »f fo.l-c«»n 

application is the mixed analog/digital ASIC. 


8.8.2 Semi-custom ASICs 

In semi-custom ASICs, some of the logic cells are predesigned and s ^ 
interconnects are customized. The cell library of predesigne o c 
convenient for implementing the design. 

The two basic types of semi-custom ASICs are: 

• Standard cell-based ASICs 
1 Gate array-based ASICs 

fro V*mmable ASICs . onedan d 

'°gr a mmabl e ASICs are the ones in which all the logic cells are^ mma ble ASICs 
ne of the interconnects are customized. The basic types of pr g 


are: 


% p ro § rai ttttiable logic devices 
le ld programmable gate arrays 







































































































Gate array-based ASICs 

In 1 pate array-based ASIC, the transistors are predefined on the silicon wafer. 
The designer chooses from a gate array library of predesigned and pre-characterized 
logic cells. The logic cells in the library are called macros. 

There are three different types of gate array-based ASICs: 

• Channelled gate arrays 

• Channel-less gate arrays 

• Structured gate arrays 

A channelled gate array is similar to a cell-based IC which uses rows of cells 
separated by channels used for interconnect. Only in this type, the space for 
interconnect is fixed. Figure 8.41 shows the arrangement in a channelled gate array. 








arniy some area of the IC is set aside and dedicated to a 
\t>si n,clured Th'l is referred to as the embedded area. 

^ jf ,c function-Th*s>- 



b 0 P k8.6 Design a 


SOLVED EXAMPLES 

3-bit Binary-to-Gray code converter using a suitable 


PLA. 


tetrofo table for a 3-bit Binary-to-Gray code converter is shown in Table 8.13. 


Table 8.13 Truth table for Binary-to-Gray code converter 


Binary Code 

Grey Code 


B 2 

B, 

Bo 

A 4 

G, 

Go 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

1 

0 

1 

0 

0 

1 

1 

0 

1 

1 

0 

1 

0 

1 

0 

0 

1 

1 

0 

1 

0 

1 

1 

1 

1 

1 

1 

0 

1 

0 

1 

1 

1 

1 

1 

0 

0 


K-mapsforoutputs G 2 , G b and G 0 in terms of B 2 , B„ andB 0 are shown in Fig. 8.45. 



Fig. 8.45 K-maps for G 2 , G 1( and G 0 











































































































Rowing equations. 


by the 


( 8 . 22 ) 

(8.23) 

(8.24) 


G 2 = b 2 _ 

Gi =b 2 b ] + b 2 b i 

r - B,Bo + BiBo 

« ?4 it can be seen that there are three outputs sum- 
From equations «■» “ product terms of three variables B 2 , fi„ B( , 

terms of ft. G ': C °' “"^figuration required for the PLA ts 3 x 3 outputs with 5 
Hence, the minimum count 

r*5rLA «' 1 in.rv.o- 0 ,., cM . 

* o«p« equal ions of 8.22 8.24, 


lame u. 

Product terms 

B 2 

Inputs 

B, 

B 0 

Gi 

Outputs 

g 2 

G o 

b 2 

1 

1 

- 

- 

1 

1 

- 

B 2 B\ 

2 

1 

0 





b 2 b { 

3 

0 

1 



1 





0 

i 

- 

- 

1 

B { B 0 

4 










1 

o 



1 

BiB 0 

5 


1 


T 

T 
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Figure 8.45 shows the diagram ofa 3 x3 PLA with 5 product terms programmed. 



Gray 

outputs 


Example 8.7 A combinational circuit having two outputs, F and G , are g iven 
by the sum of product expression as below: 

F=WY+XYZ 

G=WXY + XZ + WZ 


r t he^ u - vy 7 Wa * ' 

f# t : he circuit using a PLA with 4 product terms, we need to 

def to i nl P lemen s0 as to have common (shared) product terms. 

J# thiSe * preS * 10 .t eauations in standard SOP form. 


"Session so as to 

* eXP the output equations in standard SOP form, 

ByCOnVertin§ W XYZ+ WXYZ + WXYZ + WXYZ+ WXYZ 
F 1 W xyz + wxyz + wxyz + wxyz + wx YZ 
■ F = Sm(5, 8,9, 12, 13) 

^ G,X«(1.3.5.8.9.11> 

f outputs F and G in terms of X, Y, Z, and W are shown in Fig. 8.47. 

K-map s 
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The expressions for F and G having only 4 distinct product terms are: 

f=wy + wxyz (8 ' 25) 

c = wxF + xz+wxFz (8 ' 26) 

The product terms are: WY , WXYZ,WXY, and XZ. 

Table 8.15 shows the PLA program table for PLA having 4 inputs, p 
and4 product terms. Figure 8.48 shows the programmed PLA. 
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Example 8.8 Design a BCD to 7-segment decoder for common cathode display, 
using a suitable PLA. 

Solution 

Approach 1 : A BCD to 7-segment decoder circuit is basically a converter which 
takes a 4-bit BCD input number and generates its 7-bit code for the driver. The 
type of display and the block diagram of decoder are shown in Fig. 8.49. 

(MSB) b 

b b - - 

C- * 

C D - * 


Fig. 8.49(a) Common cathode Fig. 8.49(b) Block diagram of 
display decoder 

The truth table of the display is given in Table 8.16. 



BCD 

to 

7 segment 
decoder 


-a 

-b 

-c 

-d 

-e 

~g 


Table 8.16 Truth table of BCD to 7-segment decoder 


Decimal 

Inputs 

Outputs 

digit 

A 

B 

c 

D 

a 

b 

c 

d 

e 

/ 

g 

0 

0 

0 

0 

0 

1 

1 

1 

1 

1 

1 

0 

1 

0 

0 

0 

1 

0 

1 

1 

0 

0 

0 

0 

2 

0 

0 

1 

0 

1 

1 

0 

1 

1 

0 

1 

3 

0 

0 

1 

1 

1 

1 

1 

1 

0 

0 

1 

4 

0 

1 

0 

0 

0 

1 

1 

0 

0 

1 

1 

5 

0 

1 

0 

I 

1 

0 

1 

1 

0 

1 

1 


7 

8 

0 

1 

1 

0 

1 

0 

1 

0 

1 

1 

1 

1 

1 

1 

0 

1 

0 

1 

0 

1 

0 

1 

9 

1 

0 

0 

1 

1 

1 

1 

0 

0 

1 

1 


Pi^ure 8.50 shows the K-maps for outputs a to g by considering the output to be 

xf orlnvalid BCD inputs. 



\CD 

4R \ 00 

01 

;11 

101 

00 

Ti 

0 

i i 

i 

iU 

01 

0 

j 1! 

1 

0 

1 ' 

: i : 

i • 

11 

X 

J 1 

! xj 

X 

i ' 

! x ! 
_l_L 

10 

j 1 j 

0 

i x 

•; x: 


(d) 


\CD 


ab\ 

; 00' 

01 

11 

io i 

00 

i i j 

0 

0 

Ti! 

01 

0 

0 

0 

1 

11 

X 

X 

X 

X 

10 

a 

0 

X 



(e) 


\CD 

ab\ 00 

01 

11 

10 

00 

jT 

0 

0 

0 

01 

jrr 

1 j 

0 

j 1 

11_ 

•ft- 1 

;[X_ 

X | 

X 

L x -J. 

10 

JTj 

1 

X 

x ! 


(0 



(g) 


Fig. 8.50 K-maps for outputs 

The K-maps are ■ implified and the minimum P 
'"equations 8.27 to 8.33. 


derived, as given 
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h= B+CD + CD 

c = B+C + D 

d= BD + C3+BC+BCD 

e =BD+CD 

f=A+ CD + BC + BP 


( 8 . 28 ) 

(8.29) 

(8.30) 

(8.31) 

(8.32) 

(8.33) 


n = A + CD + BC + BC 
. nnlio „s j, is observed that there are 4 inputs (A, B. C, D), 7 outputs 
MMka produce terms. Hence, we need > 4x7 configuraton win 

« fcU7 - 


Table 8.17 PLA program table for Example 8.8 



Prodiu 

terms 

Inputs 

t 




Outpi 

uts 


8 

A 

B 

C 

D 

a 

b 

c 

d 

e 

f 

A 

1 

1 

- 

- 

- 

1 

- 

- 

— 

- 

1 

1 

B D 

2 

- 

0 

- 

0 

1 

- 

- 

1 

1 

- 

- 

CD 

3 

- 

- 

1 

1 

1 

1 




~ 


BD 

4 

- 

1 

- 

1 

1 
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5 

- 

0 

- 

- 

- 

1 

- 

- 

- 

- 

- 

1 ^ 

6 

- 

- 

0 

0 

- 

1 

- 

- 

- 

1 

- 


7 

- 

1 

- 

- 

- 

- 

1 

- 

- 

- 

— 

r 

c 

8 

- 

- 

0 

- 

- 

- 

1 

- 

- 

- 

- 

D 

9 

- 

- 

- 

1 

- 

- 

1 

- 

- 

- 

- 

CD 

10 

- 

- 

1 

0 

- 

- 

- 

1 

1 

- 

1 

BC 

11 

- 

0 

1 

- 

- 

- 

- 

1 

- 

- 

1 

B CD 

12 

- 

1 

0 

1 

- 

- 

- 

1 

- 

- 

- 

B C 

13 


1 

0 

- 

- 

- 

- 

- 

- 

1 

1 

BD 

14 


1 

- 

0 

_ 

_ 

_ 

_ 

- 
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- 

— 
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T 
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Figure 8.51 shows the diagram of a 4x7 PLA with 14 product termSr 
implementing the BCD to 7-segment decoder. 



hample 8.9 A combinational circuit has three outputs F,, F 2 - and 4 input 
variables whose maps are shown in Fig. 8.52. Implement the circuit using PAL 
having 4 inputs, 3 outputs, and 4 product terms per OR gate. 
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K-map for Kj 
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K-map for Y 2 
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K-map for y 3 


Fig. 8.52 K-maps for Example 8.9 

Solution 

fiio K-maps with looping for the minterms is shown in Fig. 8.53, to obtain th 
su m of products expression for Y u Y 2 , F 3 . 

Equations for y,, y 2 , y 3 are: 

y i = PS +QS+PQR 

Y 2= RS + QS + PQS + PQR 

h = PQ+ PS + QRS 


(8.34) 

(8.35) 

(8.36) 
















































































































por a pAL device . there is no benefit of having common product terms. Hence, 

and Fig. 8.54 shows the PAL f use 
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le 8 10 Design a priority encoder circuit with 4 active high inputs / 0 , 
?M, and 3 active high outputs, A and B indicating the number of highest 
prioritydevice requesting service and N, indicating no active requests. Input /„ 
is the highest priority and / 3 is the lowest. 

Implement it using a suitable PAL device. 

Solution 

The truth table for the priority encoder is given in Table 8.20. 


Table 8.20 Truth table for Example 8.10 


Inputs 

Outputs 

Jo 

1 , 

h 

h 

A 

B 

N 

0 

0 

0 

0 

X 

X 

\ 

1 

X 

X 

X 

0 

0 

0 

0 

1 

X 

X 

0 

i 

0 

0 

0 

1 

X 

1 

0 

0 

0 

0 

0 

1 

1 

1 

0 


r ° m ta ble, we have 

a K /,/ 2 / 3 












































































































































A = U (8 ' 3 ’) 

S =/ 0 / 2 + V . ( 8 - 38 ) 



Hence, there is need to use a PAL having 3 inputs, 3 outputs with minimum 2 
product terms (AND gates) per output OR gate. Table 8.21 shows the PAL 
programming table for the 3 x 3 PAL and Fig. 8.56 shows its fuse map. 



1 

2 

0 

0 

0 

0 

N - ^06 ^2^3 

3 

0 

0 

- 

- 

a = 7 0 7, 

4 

- 

— 




5 

0 

- 

1 

- 

B= V2+ Vi 

6 

0 

1 







Derive PLA and PAL programming tables for a combinational 

Uw M““ sa3 ' bil ” Umben 

solu |ion . . 3_bit input number having the bits as / 2 , /, and / 0 and the 6 bit- 
bei 115 conS ‘ 6 (1 2 _ 49 or 110001) to be Y 5 to y 0 - 

ll# Thetruth tab' e f° r ‘ he circuit is S iven in Table 8 ’ 22 ’ 

Table 8.22 Truth table for Example 8.11 



The K-maps for V 5 to y 0 are given in Fig. 8.56 and equations in equation 8.13. 
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K-map for Y x 

Fig. 8.57 K-maps V 5 to Vo 
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K-map for Y 0 

















































































































































r 5 =/:•/. 
y 4 = / 2 /, +hh 
y 3 =/ 2 /,/c + 4 / i / o 


vo.39) 

( 8 - 40 ) 

(8.41) 


Y 2 = lJa (8.42) 

y,=0’ (8.43) 

Y 0 = h I o + hh (8.44) 

u , » distinct product terms considering the product term *(= 0 ) as ANn 
[h a» me outputs intact so as to have its output always ‘O’. Table 8.23 s£ 
f h a 'PLA prooram table and Table 8.24 shows the PAL program table. The size „ 
f ,Hred PLA = 3 inputs x 6 outputs w.th 8 product terms. The size of the require] 
PAL^Tmput x 6 outputs with minimum 2 AND gates per output or gat? ' 


Table 8.23 PLA program table for Example 8.11 



Table 8.24 PAL program table for Example 8.11 



Product 

terms 

Inputs 

Outnuts 

h 

i, 

1 '« 

ly If L Is w * J 

| hh 

1 

1 

j 

r 


1 * 

2 



_ 

Y 5 = hh 

jhh 

r~ 3 

1 

0 

_ 


hi0 

4 

1 

_ 

i 

Y a = / 2 T ] +h lo 

jh/,/0 

5 

1 

0 

i 


[ hhh 

6 

0 

1 

i 

Y } = ! 2 T ] I()+ hh ! o 
- - - - 



(Output) Y . 0001001000001 



Fig. 8.58 State diagram for Example 8.12 

In the above state diagram, state B indicates occurrence of one 1. State C 
indicates occurrence of two 1 s. Hence, the circuit remains in state C till it receives 
aO. State D indicates that 110 is received, hence it returns to B with output = 1 if 
i/p bit received is 1, else it returns to initial condition with output = 0. 

The state table is given in Table 8.25. 








































































A = 0 "flip-flops.Let US have two D flip-flops with D A and D„ as ^ 


We need two 

a „d 0, and & as outputs. 


Present state 

Qa 

\ Qb 

0 

Hr" 
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0 

1 1 

l 

0 

LLI 
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1 

1 


I/P 

X 


0 

1 

0 

1 
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1 

0 

1 


Qa 


0 

0 

0 

I 

1 

1 

0 

0 


Qb 


0 

1 

0 

0 

1 

0 

0 

1 


FF inputs 


Da 


0 

0 

0 

1 

1 

1 

0 

0 



0 

0 

0 

0 

0 

0 

0 


The K-maps for D A , D„ and Z are shown in Fig. 8.59 and their equations are 
given by equations 8.46 to 8.48. 
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K-map for D A K-map for D B 

Fig. 8.59 K-maps for Example 8.12 


K-map for Z 


D a = Q a Qb + XQa Qb (8.46) 

Db = XQ a Q b +XQ a Q b + XQ a Q b (8 . 47) 

Z = XQ a Qb (8.48) 

From the equations, there are 5 distinct product terms. Hence, we need a PLA 
with 3 inputs, 3 outputs and 5 product terms. Also, we need two D flip-flops 
connected at the outputs of PLA, as given in Fig. 8.60. 

Table 8.27 PLA program table for Example 8.12 



Product 

terms 

AND Inputs 

Outputs 

X 

Qa 

Qb 

D a 

D„ 

Z 

QaQb 

1 

- 

0 

1 

1 


_ 

XQaQh 

2 

1 

1 

0 

1 

_ 

_ 

XQaQb 

XQaQb 

3 

4 

1 

1 

0 

1 

0 

- 

1 

1 

XQaQs 

5 

0 

1 

1 

1 

0 

T 

1 

1 

T 

T 



8 13 Implement the state diagram shown in Fig. 8.61 using PAL. 

Resize of PAL required. 



Solution 

The state table for the state diagram of Fig. 8.61 is given in Table 8.28. 


hes ent State 


A 

B 

C 

D 

E 


Table 8.28 State table for Example 8.13 


Next State 

Output 

ii 
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II 
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K-map for D A 


K-map for D B 


K-map for D c 
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K-map for Z 


Fig. 8.62 K-maps for D A , D B , D c , Z 


d a=XCU+ XQ b Q c (8.49) 

d b = QbQ c X + XQ b Q c (8.50) 

D c=XQ a Q c (8.51) 

z = XQ b (8.52) 



Fix. 8.63 Pai ( _/. 










































































































































^ „ , looked ai the different programmable logic devices l ike 

l„ .his chapter, we have applications in implementing combinational and 
PLA. PAL and GAL an Jn additio n, we discussed some popular devices 

8 as example*. 

' , . rdc vice l.ia a group of integrated circuits that can be configured 

Programmable log* u tefm ‘programmable’ means that the function may 

——■ . „ 

.. innic array (PLA) A PLA device bas.cally contains an array of 
Programmable S con f, g uration is done by the user. It typically consists 

AND and OR tut establish or remove the contact of a literal in the AND 

funcuont'contact'ofa product term in the OR function. 

logic (PAL) PAL devices are those PLDs which are very 
Programming arrays avai|ab , e jn today - s marke t. PALs consist of an array of 

SSS and an array of OR gates like PLAs. The major difference between PLA 
H PAL devices is that, in case of PLA. both the arrays are programmable; whereas 
“pal. OR array is fixed and AND array is programmable. 

reneric array logic deyicc (GAL) It contains a programmable AND array, a fixed 
OR array and an output s.ate similar to a PAL device. The output stage is referred to 
as the output logic macrocell (OLMC). 


Bipolar PLD circuit The AND-OR arrays have bipolar elements like diode or 
transistors presen. at the row-column junction in a PLA. Earlier. PLA and PAL devices 
used these bipolar circuits. Such bipolar PLDs are manufactured with all the diodes 
present but with a tiny fusible link in series with each. By applying special patlems 
to the device, one can select an individual link and by applying high voltage, these 
links are fused. 


CMOS PLD circuit in case of CMOS PLD circuits, instead of diode, an n-channel 
transistor with programmable connection is placed at each intersection between an 
input and word line (row-column of array). In CMOS PLDs, the programmable links 
are generally not fused. In non-field programmable devices, the links connection is 
removed or established as part of the metal mask pattern generated by the 
manufacturer. 


Complex programmable logic device (CPLD) CPLD is a collection of individual 
PLDs on a single chip, with a programmable interconnection structure that allows 
the PLDs to get connected as the user wants. 

Field programmable gate array PGAs are similar to CPLDs having more flexibility 
and can be used to implement a complete digital system on a single IC chip. A PGA 
is an IC which contains an array of identical logic cells with programmable 
interconnections. An FPGA’s programmable logic cell is less than a typical PLD, 
but an FPGA chip contains much more logic than a CPLD of the same size. 


V !>- dv ““ 8 

***** 

r^vto use aFA 

:<!*pr° duCt Elements of standard I/O, programmable I/O, and 
t* v,ng the output arrang 

<>° PAL - explain the structure of Output Logic Macrocell in a 
ftp 51 . {ab j e diagram* 

. *** p-g—.. *" a * 

f *C 9500 CPLD. «pl» 0* «t 

„) Switch n iatnx 

"=« - W"”- " atUreS °' XC 9500 CPL ° 

i Wilh n fhin the function block. 

of I/O week in CPLD .nd FPGA devteC Who,«. ih. different 
q Wliat is the neea oi u T /n Kinrif') 

between . Xiiinx and an A.fe, PPGA ^ifeciure. 

,, what is CLB? What arc the components of a s.mplc XiUnx FPGA? 

,2. What is the technique used to implement a combinational funetton within a 
CLB? 

13. Explain the following modules of an XC 4000 FPGA device, 
la) Configurable logic block 

(b) Input-Output block 

(c) Switch matrix 

U.What are ASICs? What are the types of ASICs? 

• ^iihthe help of block diagrams, explain the difference between. 

M Standard cell-based ASIC 


ft) Gate array-based ASIC 

Kleins 


u ^g Z pLA ec l ua ^ ons with a suitable PLA. Draw the logic diagram 

l,{A ' B -C,D)=ABD+ABD 


c . D) = A + B D 



Digital Electronic^ 

Mi.O = a,(0 ’ 3 ’ ' ; 

=2m(l>2 ' 6) 

z m 5,0 = &,(2> 3 ’ 6 ' 7) 

2 Realjze the following functions using PAL and draw the logic diagram using 
PAL- 

(a) F(A. B. C) = *>'0. 4.5 7) 

G{A,B, 0=M1.3, 5.6.7) 

H(A.B.O = I/n(l. 4. 5) 

(b, r,(P. 0. *. ^ 5 ' 6. 7 , 8. 1 1. 13, 14, 15) 

y 2 (P, Q,R,S) = Xm(°. 1.5,6,8, 9, II. 13, 14) 

3 Desjgn and implement the following multiple output combinational circuits 
using PAL and PLA devices: 

(a) Full-subtractor 

(b) 2-bit comparator with less than, greater than, and equality output 

(c) Excess-3 to BCD code converter 

(d) 4-bit Grey-to-Binary code converter v 

4. Design a combinational circuit for an 8-segment 

display driver shown in Fig. 8.64. It has 4 inputs, a , 
b , c, d and 8 outputs, Y { to Y 8 . 

This should display the decimal equivalent of a 4- 
bit binary number in I’s complement form. For 
example, the codes are shown below: 

0000(0) 1000 (-7) 

000 1(1) 100 I (-6) 

0 0 I 0 (2) I 0 I 0 (-5) 


Fig. 8.64 8-segment 
display 


0 1 1 1 (7) 1 1 1 1 (0) 

Segment Y 8 should indicate the sign (it is lit for -1 to -7 only) 

(a) Write the truth table for the circuit. 

(b) Show the maps and the equations suitable for implementation using PLA. 

(c) Implement these functions using PLA with minimum product terms. Draw 
the logic diagram. 

5. Design a 4-bit synchronous binary counter using 

(a) D flip-flops 

(b) JK flip-flops 

Implement them using a suitable PLA. Draw the logic diagrams for (a) and (b). 
6 Design and implement a BCD counter using a PAL with 16 inputs and 4 
registered outputs. Specify the number of product terms per output. 

(a) Write the PAL program table. 

(b) Draw the logic diagram. 
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Chapter 


A/D and d/a 
Converters 


Chapter Outline 

. Basic concepts of analog-to-digital conversion and vice versa 

• Types of ADC and DAC 

• Examples of ADC and DAC _____—__ 


9.1 INT RO DUCTION ___ 

Real world processes produce analog signals that carry information. An analog 
signal is defined over a continuous period of time and its amplitude may assume a 
continuous range of values. It is difficult to store, compare, calculate, and manipulate 
this information with good accuracy using purely analog technology. 

Digital signal processing technology has a number of advantages over analog 
signal processing. Therefore in most of the applications, digital systems are preferred 
over analog systems. But it is found that most of the real data available is in analog 
form, for example, voice signal, output of the sensors, etc. Therefore it is necessary 
to convert analog signals into digital signals. An analog-to-digital converter (ADC) 
is used for this purpose. After processing these digital data by a digital system, it is 
given to a control device or transmitted through an analog channel or measured by 
an analog equipment. And hence, the output of a digital system should be converted 
into an analog signal. A digital-to-analog converter (DAC) is used for this purpose. 
The block diagram of a digital system with analog input and output is shown in 
Fig. 9.1. 


Analog 


Analog 

input 



Fig. 9.1 Block diagram of a digital system with analog input and output 
This chapter discusses the most common A/D and D/A conversion techniques. 
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1"'- t is V lt0a h n & n analog channel or measured by an analog equipment. 
rt# 1 "’ 1 itt ed through a ^ system s hould be converted into analog signal. The 
^IeO«*P utof “digital signals into analog signals. 

P*. used t0 conV diagram of a 3-bit DAC. It has three input lines, D 2 
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M»- c a block diagram < 

• uie 9- 2 sh ° W ut line which provides the analog signal. A 3-bit digital 
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MCti onoftheinP m C e°the output analog signal is in the range of 0 to IV and the 
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^uicombi naUonS n a t ^ e d . gital signa i i n p U t and the analog signal output is shown 
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3 nnnivalent analog_ 
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001 

1/8 V 

010 
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Oil 

3/8 V 

100 

4/8 V 

101 

5/8 V 

110 

6/8 V 

111 

7/8 V 
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Fig. 9.2 Block diagram of 
3-bit DAC 



^•8* 9.3 The relation between digital input and analog ou p 























































From the above table and Fig. • » 

Yzl 

1. The value of LSB is „ 

2 1 . V m 

2. The value of second LSB is ^„ 

2"" 1 . V m 

3. The value of Mh LSB is ~ 

4. Full scale output = - Value of LSB 

where// is the number of bits of a digital signal and V„ is the maximum amplitude. 
The output analog voltage is 

VJ V D0 2 ° + V D\ 2> + + - + V Dn-1 2 "'' ] 

V A= 

where Vfo, V*,, Vfe,V^, are the digital inputs of n -bit DAC. 

Example 9.1 Calculate the values of the LSB, MSB, and the full-scale output 
for an 8-bit DAC for 0 to 10 V analog output range. 

Solution 

Given data: n = 8, V„, = 10 V 

Value of LSB = % = ^ = 0.039 V 

2 2 8 256 

¥/ 98-I irv 

Value of MSB = -—= s = 5 V 
2” 2 8 

Full-scale output = V m - Value of LSB 
= 10-0.039 = 9.961 V 


9.2.1 DAC Circuits 


The circuits of digital-to-analog converters are of two types: 

(a) Resistor divider DAC 

(b) RI2R ladder network DAC 


Resistor divider DA C 


It is also known as a weighted resistor type 
DAC. Each digital level input is converted 
into an equivalent analog voltage or current. 
Figure 9.4 shows the simple circuit diagram 
of a 3-bit DAC. A 3-bit digital signal has 
eight combinations, from 000 to 111. The 
output analog voltage level is a function of 
the input combinations of 0 and 1 and the 
amplitude or reference voltage; it is 
minimum for 000 and maximum for 111. 



Fig. 9.4 3-bit DAC 



fig ., 5 Digital input applied to the network (a) 001, (b) 010, and (c) 100 

Assume that the load resistance R L is greater than the output resistance of the 
network. 

Form Fig. 9.5(a), the output for the digital input 001, 


VnW(*l+*2) 

R 0 + R,R 2 /(R l +/? 2 ) 


1 y- VpR 1^2 _ 

Rq/?i + RqRj R\Rj 

Form Fig. 9.5(b), the output for the digital input 010, 
9V- _ 

R oR\+R 0 R 1 + R ] R 2 

Form Fig. 9.5(c), the output for the digital input 100, 

4 V = _ VqR\Ri\ _ 

M 0 + M 2 + M 0 

^Pitying Eqs (9.1), (9.2), an d (9.3), 

= and R 2 = R { ^ 


(9.1) 


(9.2) 


(9.3) 












•„ a( ,rk as a DAC and provide more accura.e result under , he 

DAC with op-amp is shown in Fig. 



fy=IK.«„ = 8K.*,=4K,/?2 = 2K 
Fig. 9.6 3-bit DAC 


Analysis of circuit 

Assume the op-amp is ideal. The voltage at the inverting terminal is equal to the 
voltage at the non-inverting terminal. The input current of op-amp is zero (/ 4 = 0), 
since the non-inverting terminal is grounded. F, = 0. 

Applying KCL to node 1, 

1\ + h + h = U + h 

I, + l 2 + h = h ( since U = 0) 


V_D2 - H , v m -v, , YoOZ^l _ v.-K* 

R 2 r, R 0 Rf 

Ko 2 ! Yd\ ! Kpi) _ 

/?, /?, /?„ /?, 

Kt = R/j + + I (Considering the magnitude only) 

l At “t r?o J 

Assume V D2 = V m = V D0 = V D = 7V 

For the input 001, the output V, =— = — 

2 " 2 3 8 




For the input 010. the output, 
w 2 2 *^ 2*.7 14 


7 


(9.4) 


(9.6) 
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2 /? =4K and /? 0 = 8K. These values are obtained from 

IK then Ri ~ ^ ^^ c j rcuit is used to convert the digital data inputs 

, !Hf signal outputs. MSB ,-1 


^)'< 9 rrSnai outputs. 

,analog cu ^ js the multiplying 

;D aC outp . m e signal data. 

ncc voH a g e „r>ltaeeis "'bd 

(,e t i the reference voltage is 

il£ ° L the DAC is called a * 

^• th DAC. The«-bit DAC 

lllply ' ng in Fig 9.7. It uses 

-sesw •“ 

tucing a positive voltage, 
ieanalog output 

. nnn 001 


MSB 

6,-- 


b 2 -► 

n- bit 

b 2 -- 

D/A 

] b$ j J 

converter 


(DAC) 



L ” lsb 



Analog data 


eleren ^ voltage Fig. 9,7 n_bit DAC 

loToutput voltage waveform of a 3-bit resistor divider DAC for the 
rord!000.001,.111. w shown in Fig. 9.8. 



- Digital word 


f ' 8-9.8 Analog output voltage waveform for a 3-bit resistor divider DAC 

of stai‘rca r ^Th^ Ue °^’ ^ ner tbe reso ^ u ^ on °f conversion and less is the step size 
resist Q Se . le accurac y and stability of DAC are based on the accuracy of the 
^eig^D^ dependence. 

Wyinp^s j rCqUlres a w ^ e ran S e °f resistor values. As the length of 

^Dac the^ reaSeS range res i stor values needed also increases. For 
resistor rger values nf i^>o ~ .,ni„ A c»v»oiti 


the I ’ ne ran S e °* resi stor values needed also increases. For an 
ar fr ei values of resistor are 128 times the value of the smallest 
































R/2R ladder network DAC ^ DA c is (he requirement of a wide range 

The major drawback of a resistor dder DAC uses only two resistor values, i. e . 

is shown in Fig. 9.9. 



1 ^ is 


III I 

the analog output. 

LeTusCume the voltage corresponding to logic level UsV„. For the digital input 
S the circuit diagram of R/2R ladder network ts shown in Fig. 9.10(a) and its 
equivalent circuit is shown in Fig. 9.10(b). For the digital input signal 100, the 
output analog voltage is, 

(9.7) 


V x2R V m 
A ~ 2R + 2R 2 




T T 

Fig. 9.10(a) R/2R ladder network for Fig. 9.10(b) Equivalent circuit of R/2R 
the digital input 100 ladder network for the digital input 


For the digital input 010, the circuit diagram of R/2R ladder network is shown 
in Fig. 9.11 (a) and its equivalent circuit is shown in Fig. 9.11 (b). 



fig. 9.11(a) R/2R ladder network for 010 Fig. 9.11(b) Equivalent circuit 

of R/2R ladder network 
for 010 



Fig. 9.12(b) Equivalent of Fig. 9.12(a) with Thevenin's equivalent 
of left-hand side network of node A 

The left-hand side network of node B is replaced with its Thevenin s equivalent 
^'lisshown in Fig. 9.12(c) 
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R R | 

o—Wv--o V A 

V c 
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Of Iftt Equivalent of Fig. 9.13(b) with Thevenin's equivalent 
6 ' hand sid e network of node B 























For the digital input 


signal 001, the output analog voltage is. 


JJl*2R V 
4 = _3- 

Va '^rT2R 8 

J • n.iKlIl the output analog voltage will be. 

When the applied signal is 11 l,tn 

n „feJcy*.«-°^“ , “ ,3 ‘ W ‘ DAC ' 

v m 

• The value of MSB - ? 


V V 

y m_ _ _»L 


. The value of second MSB- 4 - 2 2 


V V 

"L 


• The value of third MSB - — - ^ 

The output analog voltage of n-bit DAC is, 
v V V v m 

w _jk + _2L + _2L + ... + — 

VA - ~ T 4 o O" 


(9.9) 


(9.10) 


(9.11) 


VJV D „_, 2"~ l --t-V , o3 2 '’ + V P 2 22 + v, pi 2 ' +t/ oo 2 °l 


2 " 


(9.12) 


where Vpo, V DU V D2 ,.... V 0n _, are the digital voltage levels. 

The circuit shown in Fig. 9.10 works as a DAC, under the assumption that load 
resistance is high. If it is Jow, the output of ladder network will be an incorrect 
value. Therefore, it is needed to use the operational amplifier as a buffer to connect 
the output of ladder network to the load. The circuit of a 4-input DAC with an op- 
amp is shown in Fig. 9.13. 

In Fig. 9.13, the op-amp is used in inverting mode. The amplifier acts as an 
inverting current to the voltage converter. The output voltage V A = -IR. The analysis 
of the circuit is same as above. 




fig- 9.13 4-inputs R/2R ladder network DAC with op-amp 
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16 
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10[1 + 2 + 4 + 8] 
16 


= 9.375 


»'2.2 DAC 


^H i ,adder0raresis ti ve divider network can be used as a DAC. The complete 
l * w "»f*DACisshown in Fig. 9,14. 



output 


ftg 9.14 Complete block diagram of DAC 


































l 0 foprovide 0 thfsamelevel voltage for logic 1 s and logic Os, the level amplif lers 
' ° P H The level amplifier has two inputs: one is the reference voltage from an 
external voltage source and the other input is the output of the flip-flop^The amplifier 
* such that when the input from a Hip-flop is high, the output of the amplifier 
Tv , and when the input from the flip-flop is low the output is 0 V. 

' The schematic of a 4-bit DAC is shown in Fig. 9.15. 

Vn 



Fig. 9.15 Schematic of 4-bit DAC 


9.2.3 Specifications of DAC 

The specifications of a DAC which are generally specified by the designers are: 

• Accuracy 

• Resolution 

• Linearity 

• Settling time 

• Temperature sensitivity 

Accuracy 

It is a measure of how close the actual voltage is to the theoretical output value. 
A solute accuracy defines the maximum deviation of the output from the ideal 
\ a ue. he accuracy of a DAC depends upon the accuracy of the precision resistor 
- m r e resistor divider or ladder network and the precision of the reference 
age. t is specified as a percentage of full-scale or maximum output voltage. 


per 


r cenh 


^ffines the smallest possible change in the output analog voltage due to thechanac 
> td f" al input. The resolution ts always equal to the weight of LSB. and it ZZ 
in 1 as the step size. It is a function of the number of bits in the digital input The 
’‘""lotion of an n-bit DAC using divider is VJ2 n and using ladder network i, s 


Vjl 

lti 

16/2 


[n volts. 

’’ a4 .bit DAC using a ladder, if the full-scale voltage 16 V, then the resolution is 
- • ■ Thus, the output voltage changes in a step of 1 V. If it is desired to 


,-4 = 1 V. Thus, tne uuipui viumgca in a step ot l v. if it i s desired to 

16 duce5-3 v usin § this converter ’ the actual out P ut volta 8 ew °uldbe5 V. Similarly 
P f°t is desired to produce 9.6 V, the actual output voltage would be 10 V. 

" "h is more useful to express the resolution as a percentage. The percentage 

resolution is given by. 


, . step size 

Percentage resolution - x 100 

The percentage resolution can be calculated as, 

1 

number of steps 


Percentage resolution = 
For an n-bit input. 


x 100 


Percentage resolution = p x 100 


(9.13) 


(9.14) 


(9.15) 


To get a good resolution, the number of input bits (n) of DAC should be maximum. 

Linearity 

In a DAC, the relation between digital input and analog output should be linear 
That is, an equal increment in the numerical significance of the digital input 
result in equal increments in the analog output voltage. Due to the errors in a 1 _ 
values, the input-output relationship is not linear. The linearity error for a di 
input is the difference between the expected voltage and the no tage o 
the output of DAC. 

Settling time . tly 

When digital inputs of a DAC change, the analog output does ^ on ^ ccurs at the 
Due to the active and passive elements of the circuit, ana ^ f ma i value, 
°utput. The time required to settle the output within - 









































Fig. 9.16 Settling time 
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Temperature sensitivity 

The components used in a circuit of DAC such as resistors, reference voltage source 
and op-amp are sensitive to temperature. Due to the change in temperature th 
characteristics of an op-amp, the values of resistor and reference voltage may chan ° 
Therefore, the analog output voltage for any fixed digital input varies vvfth 
temperature. This change in values with the temperature is known as the tempercn' 
sensitivity. It is specified in terms of ± ppmJ°C. re 

9.3 BASIC PRINCIPLE OF ADC 


An ADC does the inverse function of a DAC. In a DAC, the possible number f 
digital inputs is fixed. For example, in a 4-bit DAC, there are 16 possible inputs 
But in case of an ADC, the input analog voltage can have any value in a ranee and 
the digital output can have only 2 N discrete values for an A-bit ADC. The ADC 
process includes sampling of input analog signal and then, each sample is converted 
into its bmaiy equivalent. The block diagram of an ADC is shown in Fig. 9 .17 
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Fig. 9.17 Block diagram of ADC 

Sample-and-hold circuit 

dX S r= P l^ wlliens?? T? the Samp,e after a fixed deIa y- The fixed 
sampling frequency should W * requency - As P er the sampling theorem, the 

frequency of (he signal. The resu^of rh ^ °v 6qUal ( ° fW ' Ce the band Iimited 

wstanis and the amplitude of th» ? samp,n 8 process is a series of sampling 

sample circuit is a discrete tim ° ^ ^ at lnstant °f time, i.e. output of the 

9-M'A discrete signal is one thar^ ^^ erent amplitudes, as shown in Fig. 
‘Amplitude of a discrete signal is a r ^ f . C mec ^ at discrete points of time only. The 

JS tIle s ^ na ^ ^t is discrete in timeK 0 Jnuous ran S e values, i.e. a discrete signal 
time but continuous in amplitude. 


Fig. 9.18 Discrete signal 


^ discrete signal is converted to binary with the help of a converter. The 
, Ze signal, as shown in Fig 9.18, is present for a small instant and hence the 
verier cannot convert it into binary. There is a need to hold the sample at least 
the duration of conversion time. The sample-and-hold circuit captures the sample 
and holds it, as shown in Fig. 9.19. 
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Fig 9.19 Hold discrete signal 


A simple sample-and-hold circuit is shown in Fig. 9.20. In this circuit, the voltage 
across the capacitor follows the input signal voltage V, when the switch S is closed. 
The capacitor holds the instantaneous value 
of the signal voltage attained just before the 
switch is opened. Thus for every T v , the 
switch is closed for a short duration and 
then opened. The dc voltage across the 
capacitor gives the value of the signal at the 
instant when the switch is opened. We can 
sa y that the sample is captured after a fixed 
delay T s This dc voltage represents a sample 
0 the signal and is converted to digital 

S1 gnal using ADC circuit during the hold 
Period. 

F 'gure 9.21 shows a sample-and-hold circuit using MOSFET. In this circuit 
^ enhancement mode MOSFET is used as a switch, which is controlled by a contro 
v °ltag e v s . 

of H° P ' amp is used t0 avoid the discharge of capacitor due to the I 

ADC - Dur ‘ng the positive value of V, (higher than the threshold voltag > 
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- 1 - V 
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Fig. 9.20 Sample-and-hold circuit 
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fig 921 Sample-and-hold circuit using MOSFET 


••5’ ' 

, . nH ,c a result, the input voltage appears across the capacitor C 

MOSFETconductsa ^ js ^ ^ , he thresho ld voltage, the MOSFET is cut 
an d at the output wn ^ across Cis retained because the input resistance 

of the op-amp is very high^ ^ upon the holding of the charge in the 

The , "therefore a capacitor with very low leakage must be used. A capacitor 
capacitor, the y)ene js p refer red. Most of the other capacitors do not 

2nThe stored charge for a long duration due to the polarization phenomenon. 


Quantization and encoding 

In an ADC the input analog voltage can have any valueinarange and it is a function 
ofZc but the digital output can have only 2 N discrete values for an N- bit ADC. 
Therefore the whole range of analog voltage is required to be represented suitably 
in 2 A 'intervals. This process is known as quantization. Each interval is then assigned 
a unique A-bit binary code, which is referred to as encoding. 

Let us consider the analog voltage is in the range 0 to 7V and a 3-bit digital 
output. The whole range of analog voltage is divided into eight intervals (2 3 ) of 
step size 5= 1/8. Each interval is assigned a 3-bit binary value. The interval of the 
analog voltage and their corresponding digital values assigned are given in Table 9.2. 
These levels are known as the quantization level. 


Table 9.2 Analog voltage and their corresponding digital values 


Analog voltage 

Digital value 

0 V 

000 

1/8 V 

001 

2/8 V 

010 

3/8 V 

Oil 

4/8 V 

100 

5/8 V 

101 

6/8 V 

110 

7/8 V 

111 


During the process of conversion, the amplitude of a discrete signal is first 
converted to its nearest value of quantization level and then, it is encoded. The 
p ocess o converting the amplitude of a discrete signal to its nearest value of 
quantization level is referred as quantization. 

quantkaUoTenl? T" 23 ' 1011 lntroduces error. This error is referred to as the 
maximum quantization error for any analog voltage is 
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Fig. 9.22 Block diagram of 3-bit ADC 

,i AD cC,rCuitS 

V- 1 ds have been developed to convert an analog signal into its 

pjfferent m e ^ Commonly used ADCs are: 

'f'pilel comparator ADC 

l CountertypeADC 
c Continuous type ADC 

d Successive approximation ADC 

( e ) Dual slope ADC 

9 3 2 Parallel Comparator ADC (Flash Converter) 

. parallel comparator ADC uses 2" - 1 comparators. Each comparator 
^ 1 l n un known analog input voltage with its reference voltage and provides 

compare t The compar i son is performed simultaneously, hence it is 

!ko known as flash type ADC . Figure 9.23 shows a 3-bit parallel comparator ADC. 

In a circuit diagram, the op-amp is used in open loop. The open loop op-amp 
acts as a comparator; it compares the input voltage with the reference voltage (fixed 
voltage) and the output of op-amp is + V sat or - V*. We can say that the output o 

comparatorishighorlow (logic 1 or logic 0). The reference voltages are generated 

using a simple resistive network and a voltage source V R and given to the inverting 
terminal of op-amp. The analog input signal is connected to the non-inverting 
terminal of op-amp. When the analog input voltage is greater than the reference 
voltage, the output of comparator is high and when the analog input voltage is ess 
than the reference voltage, then the output of comparator is low. The output 
comparator (1 orO) is loaded into the latch and decoded by the decoder, an we ge 
the digital output at D 2 , D x , and D 0 . v ,o 

For example, is the full-scale voltage, from which the reference \ o a & 

2VV8, 3V r / 8, 4Vfl/8, 5V*/8, 6V*/8, 7V^/8 are generated using a ampc 
network. The input analog voltage V A is compared simultaneous y wi 
voltages by using comparators. The outputs of comparators are ig t ^ e 

ts a function of the input analog voltage. A 7 -bit output is o 
comparators, which is stored in latches. The decoder circuit conve 

Slg nal into a 3-bit output. « i comparator ADC 

The comparator output and the digital output of a 3-bit p' 
given in Table 9.3. Assume Vr = 1 V. 


















Fig. 9.23 3-bit parallel comparator ADC 


0fp ,? llel com P ara,or ADC is the simplest in concept and its typical 

increases the"-' 0 T nS ’ ^ Ul '* rec l u ' res a large number of comparators, which 
increases the cost and size of the circuit. 



Analog input 

Fig. 9.24 


Counter type ADC 


MSB 



LSB 


Digital 

output 


„> * diagram consists of a D AC, a comparator, an AND gate, and .binary 
Theb ^ nAC converts the digital data into analog signal, which is given as 
counter. The comparator. The op-amp is used in open loop. It acts as a 

one0f 1 mrTnd compares the analog input, which has to be converted to digital 
comparator a P of DAC xhe AN d gate provides the clock to the binary 

with the mg output of comparator is high. 

C °w^enthe reset signal goes low, the binary counter will be set to 0, and the output 
incut of comparator The output of comparator enables the AND gate to pass 

£ C£Tof DAC increases with time and the analog on,put voltage 























































































Ci0Ck h W clock The binary counter stops counting, and the digital output of Dac 
^ rufcomirralSgT^P^is 13/16V and .he ADC is a 4-bit counter , ype 


ADC. 


Table 9.4 Counter type conversion sequence 


Cloc 

k Digita 
signal 

1 K 

y A 1 1 Description ~ 

l 

0000 

0 

13/16 

V A >V, 

Enable the AND gate to pass the clock 

2 

0001 

1/16 

13/16 

v A >v r 

Enable the AND gate to pass the clock 

1 

0010 

2/16 

13/16 

V A >V r 

Enable the AND gate to pass the clock 

1 4 

0011 

3/16 

13/16 

VA > V r 

Enable the AND gate to pass the clock 

5 

0100 

4/16 

13/16 

Va >V r 

Enable the AND gate to pass the clock 

6 

0101 

5/16 

13/16 

v A >K 

Enable the AND gate to pass the clock 

7 

0110 

6/16 

13/16 

v a >K 

Enable the AND gate to pass the clock 

8 

0111 

7/16 

13/16 

v A >v r 

Enable the AND gate to pass the clock 

9 

1000 

8/16 

13/16 

V A >V r 

Enable the AND gate to pass the clock 

10 

1001 

9/16 

13/16 

V A >V r 

Enable the AND gate to pass the clock 

11 

1010 

10/16 

13/16 

V A >V r 

Enable the AND gate to pass the clock 

12 

1011 

11/16 

13/16 

V A >V r 

Enable the AND gate to pass the clock 

13 

1100 . 

12/16 

13/16 

v A >v r ; 

Enable the AND gate to pass the clock 

14 

1101 1 

13/16 

13/16 

v A < v r \ 

Disable the AND gate to pass the clock 


In this ADC, the counter advances by one count for every clock pulse, therefore 
the clock speed decides the conversion speed. The conversion time is variable and 
it is proportional to the amplitude of the analog input voltage. The average 
conversion time of an //-bit ADC is, 


T c = 



2 y clock 


= 2"' 1 x - 


w ^ er cfdock is the frequency of clock cycle. 


(9.16) 


ThrUf!!^ C “ i0 , n process ’ tbe c °unter is reset for each discrete sample, 
herefore, it takes a long conversion time. 


9.3.4 Continuous Type ADC 

from the previously coil & C ° Unter type ADC can be eliminated by counting 
conversion. The hi nri IT C Va * Ue ’ ,nstea( * op resetting the counter for each 
Fig. 9.26. ,a gram a 4-bit of continuous type ADC is shown in 


Analog inp^ 


Fig. 9.26 Continuous type ADC 


k diagram consists of a DAC, a comparator, an up-down counter, and 
ThC iircuit. The DAC converts the digital data into analog signal, which is 
ac ontr°* J- 1 invert j n g terminal of the comparator, and the non-inverting input of 
gjv e n to m « r js conn ected to the unknown analog input voltage V„. The op-amp 
lhe C °T P open loop. It acts as a comparator and compares the analog input that has 
isUSed ' n verted into digital with the analog output of DAC. The control circuit 
l0 be «>n direct j on of up/down counter based on the result of comparator. 

C ° wh S V > V„ the output of comparator is in high state. The counter is then 
"count UP and the DAC output increases. The new input data is converted 
A mpared with an unknown analog voltage. This process of counting-up 
continues, until V r is less than V A 

When Va < the out P ut comparator is in low state. The counter is then 
d to count DOWN and the DAC output decreases. The new input data is 
inverted and compared with an unknown analog voltage. This process of counting- 
down continues, until V r is greater than V A . Figure 9.27 shows the analog input 
signal and the input to up-down counter. 
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Fig. 9.27 The analog input signal and the input to UP/DOWN counter 


'•j.j successive-approximation aul 

ll is a h 'gh-resolution ADC that uses only one comparator with a variable r« f ^e 
v °hage. The variable reference voltage can be obtained by a set,u '? analog 
punter and a DAC. The baste principle of this ADC is that the unknown wM 
n Put voltage is approximate against an n-bit digital value ) r5 '. 1 “ aopr oximation 
beginning with the MSB. The block diagram of a 4-bit successtve-approxm 

uc is shown in Fig. 9.28. 
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Fig. 9.28 Successive-approximation ADC 


^ncicts of a DAC, a comparator, a successive-approximation 

The block d.agramcons^d ^ outpu( reglster . Th e DAC converts the digital 
register, a controlur: . js ■ yen one of the input to the comparator. The op- a 

data mlo analog sign • e comparator and compares the analog input that 

mp is used;n opu oopl. j ita | ^ ^ analog output of ADC. The result of the 
has to be tonve hioh or low floeic I or 0 ) which controls the 


nas iu oc - v j high or low (logic I or 0) which controls the 


f successive-approximation 

rnntrol circuit. I'ne conirui Wiwuw V.™-.©- , 

Sr as per the output signal of the comparator, as discussed below. 

^When die start signal is provided by a user, the MSB of successive-approximation 
agister j s set and other bits are reset with a clock pulse. The DAC converts this 
digital data into analog voltage V 0 , the comparator compares this analog voltage 
W i, h ,he analog input voltage V A . When V A > V 0 , the output of comparator is high, 
the control circuit sets the second MSB without resetting the MSB. When V A < V 0 , 
the output of comparator is low, the control circuit sets the second MSB with 
resetting the MSB. 

Again the DAC converts this digital data into analog voltage V 0 , the comparator 
compares this analog voltage with the analog input voltage V A . As per the result of 
comparator, the control circuit sets the next bit with resetting or without resetting 
the previous bit. This process is repeated for all the bits. At the end of conversion, 
the digital signal is loaded into the output register and the ready signal goes high. 

Let usconsideran analog input is 13/16V and the ADC is 4-bits. The successive 
approximation conversion sequence is given in Table 9.5. 


Table 9.5 Successive-approximation conversion sequence 


Clock 

Digital signal 

Vo 

Va 


Description 

1 

1000 

8/16 

13/16 

Kr > V 0 

Set the MSB 

2 

1100 

12/16 

13/16 

V A >V 0 

Set the second bit without 






resetting the MSB 

3 

1110 

14/16 

13/16 

V a <V 0 

Set the next bit without 

A 1 





resetting the previous bit 


1101 

13/16 

13/16 

II 

Set the next bit with 

- 1 





resetting the previous bit __ 

Digital output is 1101 . 



i;> ion 


Tc 


analog— 
1 


(9.17) 


is the frequency ofclockcycle. 

^' AOC 

I slope ALH- 

0.6 0 ° the integrator generates two different ramps—one with an 

a ^al slope A ^ v0 | tage V A as the input, and another with a known reference 
Vf^leinput- Hence, it is known as the dual slope ADC. The basic 
J o)la ge V«t as 1 ® AD c is that, an analog signal is converted into a proportional 
pnncip leofad u a ch is then measured using a digital counter. The block diagram of 
umepenod, whic _ , g shown in pj g 9 . 29 . It includes an integrator, comparator, 

.„nirald ua ' s °^ e . j .. -r.faroi-tr'0 vnlta (TP 


pical du 
counts 


,typiCal control logic, and a reference voltage. 


r*- 



Fig. 9.29 Block diagram of a dual slope ADC 

Op-amp 1 with resistor R and capacitor C acts as an integratorand *!* ' , 

jjiput of integrator is connected to the analog input, the capacitor is c arge 1 
e voltage across the capacitor depends on the amplitude of the ana o D in 
and duration T. . t 

0 P-am P 2 is used in open loop. It acts as a comparator and compares t e ou 
integrator with the reference input. The reference voltage is 
















































across the 
which is given to the 


comparator »» -’ - . v0 „ e aC ross the cap*.,™ . « ... 

or low depending on * ofthe comparator is -V Mt , wl 

capacitor reaches zero J s(ops the counting of counter. 

control logic and ttecon^ fo „ ows three steps. 

The conversion P s ^ ana|og voltage V A as the input to the integrator 

. The switch 5, c ^ perjod , thc capacitor of the integral0r 



Time 


• After the time period T h the control logic switches the integrator input to 
the reference voltage and resets the counter. The polarity of reference voltage 
would be opposite to the input voltage. 

• The counter starts counting from zero as the capacitor starts to discharge 
with current I D . As the voltage of capacitor reaches zero, the counter is 
stopped. The counter reading is the equivalent digital signal for the analog 
input voltage V A . 

The total charge in the capacitor while charging and discharging must be equal. 
Therefore, 

fJ\=I dT 2 

where I c is the charging current, which is the function of analog voltage; l D is the 
discharge current, which is the function of reference voltage; T\ is the charging 
time; and T 2 is the discharging time. 

1 c (xVa and I D aV rcf 

VJ\ = V*T 2 

7, 

(9.17) 


Ti x V. 


The period T, and the reference voltage V rc[ are constant. 


Using this in Eq. (9.17), we get 
T 2 = KV a 


(9.18) 


^ f ificati° nsforADC 

? V ^ eC cifi cations are usuatly s P ec,fled b y the manufactures of ADC. 


S S3 

\ a ccuf aC ^ 
Conversion « me 
j; Resolution, 


'^erential linearity 

oJtages The input signal given to the ADC is an analog signal, 
ganged inpU T signa l is the function of time. The range of the input voltage is 
fl,eatnpl" u “ e nia ‘ ximu m and minimum amplitude of an analog signal, which can 
defined by | adC f or reliable operation. 


IpllCU v- 

ADC is mainly used to interface the analog circuit with a digital 
Input inl P e ^ jd (he problem 0 f loading, the output impedance of analog circuit 
SyS,<! dbe matched w ith the input impedance of an ADC and hence, it is required to 
Jify the input impedance of an ADC. 

. r . fv lt measures how closed the actual output voltage is to the theoretical 
miout voltage. The accuracy depends on the quantization level (the size of ADC). 
The accuracy of higher bits is more as compared to lower bits. 

Conversion time It is the time required to convert the analog data into its digital 
iquivalent. Conversion time is in milliseconds. It should be as minimum as possible. 

Resolution It is defined as the voltage input change necessary for a 1 -bit change 
inoutput. Resolution in terms of voltage is the full-scale input voltage ivi e > 
the total number of levels. The resolution of an n-bit ADC is gi\en as, 

(9.19) 

Rf»er»1utir\n — \/l( , l n — 1 ^ 


9 i__D AC AND ADC ICs ____ 

Some of the available ICs of DAC and ADC are listed below. 


IC number 

AD DAC 80 
AD 7522 
AD 558 
ADC 0809 
AD ADC 80 
ADC-7109 


Description 

12-bit DAC 
10-bit DAC 
8-bit DAC 
8-bit ADC 
12-bit ADC 
12-bit binary ADC 









9.5 


aD C 0809_(8-BM^^ 


an 


Introduction n ent is a monoUth.c CMOS device with ... 

uir , i80 9 d.taacqu.smon coni # micro p roC essor-compat.ble control 

„ C ADC m 8 -channel multiply • ima t io „ as the conversion technique. 
8-b Thfs-bit ADC usessuccess ^ chopper-stabilized comparator, a 256 R 
Tif converter features a hig h «mP , md a SUC cessive-approximation register, 

voltage divider with ® n *|°^ d jrectly access any one of the 8 -single-ended analog 
The 8 -channel mulup ,ex 

"is . f nr external zero and full-scale adjustments. Easy 

S 'Vhe device eliminates the nee ^ by (he , atchcd and decoded multiplexer 

interfacing to microprocessor ^ r[STATE outpu ts. Incorporating the most 
address inputs and latchc ereion techniques has opt.mized the design 

desirable aspects of several^ hig ,,-accuracy, minimal temperature 

of ADC 0809. H ''tiers mg £ uracy and repeatability, and consumes mimmal 
dependence, excellent long- e e sujted from applications from process 

Features 

1. Easy interface to all mtcropr analog span adjusted voltage 

2. Operates ratiometncally or w.tn dc 

reference . 

3 . No zero or full-scale adjustment requ.red 
4 8 -channel multiplexer with address logic 

, (, V to 5 V input range with single 5 V power supply 

6 . Outputs meet TTL voltage level specifications 

7. Standard hermetic or molded 28-ptn DIP package 

8 . 28 -pin molded IC carrier package 

9. Resolution 8 bits 

10. Total unadjusted error ±1/2 LSB and ±1 LSB 

1 1. Single supply 5 

12. Low power 15 mW 

13. Conversion time 100 |is 

Functional block diagram of ADC 0809 

Figure 9.31 show’s the block diagram of ADC 0809. 

Multiplexer 

The device contains an 8 -channel single-ended analog signal multiplexer. A 
particular input channel is selected by using the address decoder. Table 9.6 show 
the input states for the address lines to select any channel. The address is latche 
into the decoder on low-to-high transition of the address latch enable signal. 



Converter characteristics adC The converter 

The heart of this single 1C data acquisition system IS g over a w ide range 

is designed to provide fast, accurate, and repeata e * or sec tions, the 256 R 

of temperatures. The converter is partitioned in 0 comparator, 

ladder network, the successive-approximation regis » ^ was c ^ 0 sen over the 
The 256/? ladder network approach shown in /S’ m0 notonicity, which 
conventional RI2R ladder network because of its in import ant in closed 

guarantees no missing digital codes. Monotonicity is pa ^ caU se oscillations 

loo P feedback control systems. A non-monotonic rc a 10 ^ ne twork does not 

will be catastrophic for the system. Additional .y, 
cause load variations on the reference voltage. ne twork in Fig- 9 32 are 

The bottom resistor and the top resistor ot t e ^ ,^ erenc e in these resistor 
n °hhe same value as the remainder of the netwoi • andfull' sca ^ e P° l 

Causes the output characteristics to be symmetrical wl ^^ en t ^ e analog signal hav 
ot ** transfer curve. The first output transition occ * 















































reached +'/ 2 LSB and the succeeding output transition occurs every 1 LSB up to 

full-scale. . 

The successive approximation register (SAR) performs eight iterations to 

approximate the input voltage. For any type SAR converter, n-iterations are required 
for an n-bit converter. Figure 9.33 shows a typical example of a 3-bit converter. In 
ADC 0809, the approximation technique is extended to 8-bits using the 256 R 
network. 
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Fig. 9.33 3-bit transfer curve 


Full scale 
y LSB 


The ADC successive approximation register (SAR) of ADC is reset on the 

the frllL ? 0f r h u e Slart conversion ^C) pulse. The conversion process starts at 
the failing edge of the start conversion pulse. A conversion process will be interrupted 


1C It 


ion- nt section of an ADC is its comparator. This section is 

O in T°nltimate accuracy of the entire converter. 

1 s iblc forthe j|jzed comparator converts the DC input signal into an AC 
(eS jTchopP er ' St | a -s then fed through a high-gain AC amplifier and has the DC 
\l Th‘ s si§ nal 1 techn iq U e limits the drift component of the amplifier, since 
|rest° ted ' ThlS one nt, which is not passed by the AC amplifier. This makes 
,; 'drif tisaDCC °l'rTmely insensitive to temperature, long-term drift, and input 
entire AD Cex 

rfait errors- f ADC 0 809 is given in Fig. 9.34. 
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Fig. 9.34 Pin configuration of ADC 0809 
The timing diagram is given in Fig. 9.35. 

96 ADC-7109 (12-BIT BINARY ADC) 


Introduction 

lll;I CL7109 is a high performance, low power integrating 12 -bit ADC.de g 
'“easily interface with microprocessors. accessed 

"le output data (12-bits), polarity, and over-range may be dire y 
“aJerthe control of two byte enable inputs and an 1C select input ^ 

interface. A U ART handshake mode is pro.ided .0 allow the K 

^thaMilishy-standard llARTs in providingsenal data transmission^ ^ 

l,l!° 8gmg a PP licati ons. The RUN/HOLD input and STATU P 
* n 8 and control of conversion timing. 
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IC 7109 provides the user with high accuracy, low noise, low drift, versatility, 
and economy of the dual-slope integrating ADC. Features like true differential 
input and reference, less than 1 pV/°C drift, maximum input bias current of 10 pA, 
and typical power consumption of 20mW make it an attractive per-channel 
alternative to analog multiplexing for many data acquisition applications. 


Features 

1. 12-bit binary (plus polarity and over-range) dual-slope integrating ADC. 

2. Byte-organized TTL compatible 3-state outputs and U ART handshake mode 
for simple, parallel, or serial interfacing to microprocessor systems. 

3. RUN/HOLD input and STATUS output can be used to monitor and control 
conversion timing. 

4. True differential input and differential reference. 

5. Low noise—typically 15 pV p-p. 

6 . 1 pA typical input current. 

7. Operates at up to 30 conversions per second. 

8 . On-IC oscillator operates with inexpensive 3.58 MHz TV crystal giving 7.5 
conversions per second for 60 Hz rejections. May also be operated as RC 
oscillator for other clock frequencies. 

abdicated using MAX-CMOS technology combining analog and digital 
notions on a single low-power LSI CMOS IC. 

^ecauiionsiKcesJar^ 0teCled a8a ' nS ‘ Stat ' C discharge ’ no s P ecial handling 
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REF IN - 
REFCAP- 
REFCAP- 
REF IN - 
IN HI 
IN LO 
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INT 
AZ 
BUF 
REF OUT 
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SEND 


39 > 
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36 Ih 


= 1 pF 
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Differential 
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35 > 


"jlF TMSr° + 

*0.01 nF Ww> ln P ut hl 8 h 
t- 0 Input low 
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BUF OSC OUT 
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~7=, 3.5795 MHz 
~1 T TV crystal 


♦R 1NT = 20kDfor0.2VRef 
= 20 kD for 2.0 V Ref 




o/: Dir, r-nnfipuration and test circuit of IC 7109 


functional block diagram of IC 7109 

Analog section Figure 9.37 shows the equivalent circuit of the analog section 
MC 7109. When theRUN/HOLD input is left open or connected to V + , the circuit 
°will perform conversions at a rate determined by the clock frequency (8192 clock 
neriods per cycle). Each measurement cycle is divided into three phases, as shown 
Fig. 9.38. They are (i) Auto-zero (AZ), (ii) Signal integrate (INT), and (m) 
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Fig. 9.37 


V V 
Analog section of IC 7109 






























































































n ; n o quto-zero, mice u"“rr* .. «>ign 

Auto-zero phases Dunn ins ^ inte mally shorted to analog COM MON. 

and lowaredisconmected m> is charged to the reference voltage. Third, a feedback 
Second, the reference cap (q chargc the au to-zero capacitor C’ AZ to compensate 

loopisclosedaroundt"^ y . ffer amplifier, integrator, and comparator. Since the 
for offset voltages in in ^ AZ accura cy is limited only by the noise of 

comparator is included ^ rcferred t0 the input is less than 10 pV. 

' hC ' K " .» nhase During signal integrate, the auto-zero loop is opened. 

Signal integrate pn and (he interna | inpu t high and low are connected to 
the internal short is (hen integrates , h e differential voltage between 

g,e external P‘n • 0 f 2048 clock periods. Note that this differential 

SSi', T of «» ;p««. A, ft. end this 
phase! toe polarity of the integrated signal is determined. 


Polarity 

detected 


Integrated 

output 

Internal 

clock 

Internal 

latch 

Status 

output 


LTa§ phase I -4»INT phase III- [ » TT^ EINT-phase III- 

1 Tjnj-LTL -UyJirLTL T^TL 11111^^TITL 


2048 

counts 

min. 



Fixed 
' 2048 
counts 


Zero 
crossing 

j/occurs/ dctectc<J 
^DKINTnhase III 


4096 counts 
max 


Number of counts After zero crossing, analog 
to zero crossing section will be in 

proportional to V m autozero configuration 


Fig. 9.38 Conversion timing RUN/HOLD pin high 


De-integrate phase The final phase is de-integrated, or reference integrated. 
Input low is intemally connected to analog COMMON and input high is connected 
across the previously charged reference capacitor. Circuitry within the IC ensures 
that the capacitor will be connected with the correct polarity to cause the integrator 
output to return to zero crossing with a fixed slope. Thus, the time for the output 
to return to zero (represented by the number of clock periods counted) is 
proportional to the input signal. 


Differential input The input can accept differential voltages anywhere within 
the common mode range of the input amplifier or specifically from 1.0 V below the 
positive supply to 1.5 V above the negative supply. In this range, the system has a 
CMRR of 86 dB typical. However, since the integrator also swings with the common 
mode v oltage. care must be taken to ensure the integrator output does not saturate. A 
worst-case condition would be a large positive common mode voltage with a near 
im L negat . lve d j^ erent tel input voltage. The negative input signal drives the 
m(x j e vo,r P C » tn m0Sl itS swin £ ^ las b een used up by the positive common 

less than the recommeSv fWbSfwT^m 7™°/ SWing ^ 


P ection- reference voltage can be generated anywhere within 

W • lrefe rence f thc converter. The main source of common mode error 

K mply voltage h hv the reference capacitor, losing or gaining charge to 
voltage caused oy a lafge comm0 n mode voltage, the reference 
S^ity on its nodes. If t0 de-integrate a positive signal, but it 

> P r a n Char f t o de-integrate a negative input signal. This difference 

nl* o!.i' will 8™ * “»■ «»»""• b » 

<Zce for ( + ) or nadtor large enough in comparison to the stray capacitance, 
il " e ' t Lthetef erence f « than o 5 counts for the worst-case condition. 

««2* „ be b* ‘"2 »»rce, is b, having ft. reference 

^»“T»«e«"““' an *' 0eCOMMOR 

^nton For optimum performance of the analog seetton, 

CofflP° nent va ^ ie S ,he selection of values for the integrator capacitor and resistor, 

andeonversionnrB.Theaevaluesn.ns.be 
J,, 10 sail me is lhat Ihe integraior output swing as large 

The most important co $ y Ueg and COMMON connected to GND, 

.possible- For exa ^’ wing at fu n scale is ± 4 V. Since the integrator output 

^nominal integral P , g without significantly affecting linearity, a 4 V 
can go to 0.3 V from PP y for var i a tions in output swing due to component 

integrator output swing with ±5 v supp Ues and a common mode range of 

value and oscillator to er< , va i ues should be selected to provide ±3 V integrator 

tlV required, the compone u be slightly worse than in the ±4 V 

swing. Noise “ 

case. For larger common mode vo g 8 ro ll-over errors. To improve 

bereduced further. This will increase both noise ana ron 

the performance, supplies of ±6 V may be used, 
tap*, resistor Borh ,he buffer amplifier and 

Aoutputstage with 100 pA of quiescent current, ey supp be (ar enoug h to 

with negligible non-linearity. The integrating rests or s ^ en0U gh so 

remain in this very linear region over the input voltage rang , 4,006 V full 

that undue leakage requirements are not placed on the g y scale . For 

scale, 200 kii is near optimum and similarly, a 20 kU for a 4uv. 
other values of full-scale voltage, Rint should be chosen y t e re 

„ Full-scale valtage (9.20) 

%t=-——;- 

20 juA \ected to 

Integrating capacitor The integrating capacitor C 1N t Saturating the 

Provide the maximum integrator output voltage swing wt ^ y 

•wegrator approximately 0.3 V from either supply- For the l r output 

xu Pplies and analog common connected to GND, a ±3 .to j frequency) as 
ln gis nominal. For 7 1/2 conversions per second (61.7- kH . are 0.15 mF 

P r °vided by the crystal oscillator, the nominal values for Qnt an 



















and0.33 integrator output voltage swing. In general, the value of 

C L vr is S ivenby ‘ 

( 9048xclock periodX 20/iA)^ (9.21) 

C W= j^^torou^^ swin 2 

. . ., innal requirement of the integrating capacitor is that it has low dielectric 

An adddion^^ ^ overem)rs whi j e other types of capacitors are adequate 

forAis application, polypropylene capacitors give undetectable errors at reasonable 
for tins app military temperature range. Teflon capacitors are 

cost up to OJ V.. 

recommended. 


Auto 7 ero capacitor The size of auto-zero capacitor has some influence on 
the noise of the system-a big capacitor produces less noise. However, it cannot 
be increased without limits since it, in parallel with the integrating capacitor, forms 
an R-C time constant that determines the speed of recovery from overloads and 
more important, the error that exists at the end of an auto-zero cycle. For 409.6 mV 
full-scale where noise is very important and the integrating resistor small, a value 
of Caz twice C INT is optimum. Similarly for 4.096V full-scale where recovery is 
more important than noise, a value of C Az equal to half of C [NT is recommended. 
For optimal rejection of stray pickup, the outer foil of C AZ should be connected to 
the R-C summing junction and the inner foil to pin 31. Similarly the outer foil of 
C JNT should be connected to pin 32 and the inner foil to the R-C summing junction. 
Teflon or equivalent capacitors are recommended above 85°C for their low leakage 
characteristics. 


Reference capacitor A1 pF capacitor gives good results in most applications. 
However, where a large common mode voltage exists and a 409.6 pV scale is used, 
a larger value is required to prevent roll-over error. Generally 10 pF will hold the 
roll-overerrorto0.5 count in this instance. Again, Teflon or equivalent capacitors 
should be used for temperatures above 85°C for their low leakage characteristics. 


Reference voltage The analog input required to generate a full-scale output of 
4096 counts is V IN = 2V REF . Thus for a normalized scale, a reference of 2.048 V 
should be used for a 4.096 V full-scale, and 204.8 mV should be used for a 0.4096 V 
full-scale. However, in many applications where the A/D is sensing the output of 
a transducer, there will exist a scale factor other than unity between the absolute 
output voltage to be measured and a desired digital output. For instance, in a weighing 
system, the designer might like to have a full-scale reading when the voltage from 
the transducer is 0.682 V. Instead of dividing the input down to 409.6 mV, the 
input voltage should be measured directly and a reference voltage of 0.341 V should 
e used. Suitable values for integrating resistor and capacitor are 34 K and 0.15 mF. 
* sav01 S 3 di\ider on the input. Another advantage of this system is when a zero 
with ^l e r f or a non ' zero input. Temperature and weight measurements 
voltace outnm nf th 6 CXa ™ ples ‘ The offset ma y be introduced by connecting the 
voltage between common S b . etWeen common and analog high, and the offset 

l .pS^~S^ inepo “ i ' , “ re#, " y 
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Fig. 9.39 Digital section of 1C 7109 

Tluougliout this description, loguOwels v^terefenedto as ta.oOtigA.For 

SKSTSm gates should have 3.5 kO pull-up resistors added 

for maximum noise immunity. 

MODE input The MODE input is used to control *!“ 
converter. When the MODE pin is low or left open (t is 1 ^ converter is 

pull-down resistor to ensure a low level when the pinis 'ible un der the 

in its direct output mode, where the output data is 

control of the IC and byte enables inputs. When the t - 1 bytes, 

theconverter enters the U ART handshake mode and outputs the da * 

then returns to direct mode. When the MODE input is le t ig . 
output data in the handshake mode at the end of every con\ er;i 

STATUS output During a conversion cycle, the STATUS 0 U *P° per i 0 d 
•he beginning of signal integrate (phase II), and goes ow one See pig.9.36 

after new data from the conversion has been stored in the outpu _ (data never 

for deta ''s of this timing. This signal may be used as a ata ' the status of 

changes while STATUS is low) to drive interrupts, or for m 


the 


converter. 



























































— ^TTn • .nut When the RUN/HOLD input is high or left open, the circuit 
R VS/HOW>iP conversion cycles, updating the output latches after zero 

""'Tneduringthe deintegrate (phase III) portion of the conversion cycle ( See 
r i Zl mode of operation, the conversion cycle wtll be performed i n 
SZ periods, regardless of the resulting value. 

If RUN/HOLD goes low at any time during deintegrate (phase III) after the 
crossin" has occurred, the circuit will immediately terminate deintegrate and 
jump to auto-zero. This feature can be u sed toeliminate the time spent in deintegrate 
after the zerocrossing. If RUN/HOLD stays or goes low, the convert er will e nsure 

minimum auto-zero time, and then wait in auto-zero until the RUN/HOLD input 
goes high. The converter will begin the integrate (phase II) portion of the 
conversion and the STATUS output will go high, seven clock periods 


goes high. The convener will begin the integrate (phase 11) portion of the r 
conversion and the STATUS output will go high, seven clock periods after 
high level is detected at RUN/HOLD. See Fig. 9.40 for details. 


the next 
the 


Autozero phase I 
. min 1790 

Dealt terminated counls 
at zero crossing 2 041 

detection v max 2 ° 41 ho,d state 


Integrated output- 

internal clocknJ^hjTJTJT^yTUTJTJTJ^^ “ 

Internal latch - 
Status output - 
Run/Hold output - 

Fig. 9.40 RUfVHOLD operation 


7 counts 


l i_n_r 



Using the RUN/HOLD input, in this manner, allows an easy convert on demand 
interfac e to be used. The converter may be held at idle in auto-zero with RUN/ 
HOLD low. When RUN/HOLD goes high, the conversion is started, and when the 
STATUS output goes low , the ne w data is valid (or transferred to the UART, see 
Handshake Mode). RUN/HOLD may now go low terminating deintegrate and 
ensuring a minimum auto-ze ro time before stopping to wait for the next conversion. 

Alternately, RUN/HOLD can be used to minimize the conversion time by ensuring 
that it goes low during deintegrate, after zero crossing and goes high after the hold 
point is reached. The required activity on the RUN/HOLD input can be provided by 

dependenfnr/ih^ 0 Buffer f d 0scilJator Output. In this mode, the conversion time is 
A032 for a di L f measured - Also re ^ er t0 Intersil Application Bulletin 

D ‘ npUt goes low and sla y* low during auto-zero (phase I), the 

high. As integrate (ph^eH) bee aUt0 Zer ° W31 '* ^ 0r ^ UN/HOLD to go 

is detected. gins seven clock periods after the high level 

Direct mode When the MODF 

through 8 low-order byte hiK o Y m ata * ow * eve l the data outputs (bits 1 

y * bits 9 through 12, polarity and over-range high-order 



It should be noted that these control inputs are asynchronous with respect to the 
converter clock—the data may be accessed any time. Thus, it is possible to acces. 
the data while it is being updated, which can lead to scrambled data. S\ nchronizing 
the access of data with the conversion cycle by monitoring the STATUS output 
^’11 prevent this. Data is never updated while STATUS is low. 


Handshake mode The handshake output mode is provided as an alternative 
meansof interfacing the 1C 7109 to digital systems, where the ADC becomes ac we 
ncontrolling the flow of data instead of passively responding to 1C an y te ^* 
i r PatS f This m °de is specifically designed to allow a direct inter ace e ^ 

S? “ *>«•» standard UARTs (such as (he in.ersil CMO S Mg ; 

“ external logic required. When triggered into the handshake 
,he 1C 7109 provides all ihe control and flag signals necessary 





































































620 


hart and initiate their transmission in serial form. 
the two bytes of data into the ^ cesthecos t of designing remote data acquisition 
This grea ^ e ^^^JdaW transmission to minimize the number of lines to the central 

c!inSS 0 C f 1 * ke mode is control led by the MODE pin. When the MODE 
Entry into the handshake m ^ ^ hands hake mode after new data has 

terminal is held high, it ' * (he end of every conversion performed (see 

been stored in the on'Pa' ‘ QDE termina j m ay also be used to trigger entry into 
Figs. 9.42 and 9.43). ne A( any , jme dur ing the conversion cycle, the low 

the handshake mode on . (he M0DE j npu t will cause immediate entry 

to high transition of a snori p 
into the handshake mode. 


^ cru Zero 
cr0SS,ng crossing 
°/ CCUrS /detected 


Integrator output 

Internal clock 

Internal latch 
Status output 
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sensed - 


Mode high activates 
CE/LOAD, HBER, LBER 





Terminates 
UART mode 


v-J—1— 

/ ( 


Mode low not in 
handshake mode 
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disable outputs CE/LOAD 
HBEN, LBEN s 


LBEN 


Low byte 
data 



; = Don't care .- 


1 3-statc 

high impedance 


I I 


= 3-statc 
with pullup 


Fig. 9.42 Handshake with SEND held positive 


If this pulse occurs while a new data is being stored, the entry into handshake 
mode is delayed until the data is stable. While the converter is in the handshake 
mode, the MODE input is ignored, and although conversions will still be performed, 
ata updating will be inhibited (see Fig. 9.44) until the converter completes the 
output cycle and clears the handshake mode. 

hieh the emers the handshake mode, or when the MODE input is 

provide the control ^ terminals become TTL compatible outputs, which 
provide the control s.gnals for the output cycle (see Figs. 9.43, 9.44 and 9.45). 



Flg 9.43 Handshake typical UART interface timing 
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Fig. 9.44 Handshake triggered by mode 










































































































































In handshake mode, m (such as a u ART) to accept data, 

the ability of the nsceivi g ^ of|he ou|put cycle with SEND held high The 
Figure 9.42 shows! hjgh) js entcred after the data latch pulse (since 

handshake mode (.m —^5 lbEN and HBEN terminals are active as 

MODE remains hig • ^ ^ SEND inpu , js scnse d on the sam e high to low internal 
outputs).Theh'gh ^ (q hjgh jnterna , clock edge, the CE/LOAD and the 

« omputs assume a low level, and thehigh-order bytes (bits 9 through 12, 
POL and OR outputs) are enabled. The CE/LOAD output remains low for one 
r n !1| dock period only, the data outputs remain active for one-half internal 

' CE^OAD output low level or low to high edge may be used as a synchronizing 
Lai to ensure valid data, and the byte enable as an output may be used as a byte 
identification flag. With SE ND rem aining high, the converter completes the output 
cvcle using CE/LOAD and LBEN while the low order byte outputs (bits 1 through 
g j are act ivated. The handshake mode is terminated when both bytes are sent. 

Figure 9 38 shows an output sequence where the SEND input is used to delay 
portions of the sequence or handshake to ensure correct data transfer. This timing 
diagram shows a relationship that occurs using an industry standard IM6402/3 CMOS 
UART to interface to serial data channels. In this interface, the SEND input to the 
ICL7109 is driven by the TBRE (Transmitter Buffer Register Empty) output of 
the UART, and the CE/LOAD terminal of the ICL7109 drives the TBRL 
(Transmitter Buffer Register Load) input to the UART. The data outputs are 
paralleled into the eight Transmitter Buffer Register inputs. 

Assuming the UART Transmitter Buffer Register is empty, the SEND input 
will be high when the handshake mode is entered after a new data is stored. The 


CE/LOAD and HBEN terminals will go low after SEND is sensed and the high 
order byte outputs become active. When CE/LOAD goes high at the end of one 
clock period, the high order byte data is clocked into the UART Transmitter Buffer 
Register. The UART TBRE output will now go low, which halts the output cycle 
with the HBEN output low, and the high order byte outputs active. When the UART 
has transferred the data to the Transmitter Register and cleared the Transmitter 
Buffer Register, the TBRE returns high. 

On the next ICL7109 internal clock high to low edge, the high order byte outputs 
are disabled, and one-half internal clock later, the HBEN output returns high. At 
the same time, the CE/LOAD and LBEN outputs go low, and the low order byte 


outputs become active. Similarly, when the CE/LOAD returns high at the end of 
one clock period, ihe low order data is clocked into the UART Transmitter Buffer 
Register, and TBRE again goes low. When TBRE returns to a high, it will be sensed 
Onl.hT/ 1L7I ()9 ' nternal dock high to low edge, disabling the data outputs. 
Ff/i r.a, ' ; n t ~~~ Ci0Ck ^ atCr< handshake mode will be cleared, and the 

MODE stay's high^ ^ HBEN term ' nals return hi 8 h and sta y active ( as lon S as 


M°I ;d " r ws a handshake output sequence triggered by such an edge. 
% ejourc ^ 5 ! iiiDUt is shown as being low when the converter enters 
a the SENL* v thewho i e ou tput sequence is controlled by the SEND 
J^!° e rnode- ln thlS 5 )rthe first (high order) byte is similar to the sequence for 
the seq aenc ® m a i s0 shows the output sequence taking longer than a 
j byte- Th> s d * A the converter still makes conversions, with the STATUS 
O^IXSd input functioning normally. The only difference is that 
." n , ,nd rUN/HL>l . when jn handshake mode and is therefore lost. 
ojitpu 1 ^ • .1 n0 t be laicii^ 

(jata^ 1 , j_j o x/fn-cntilf* thrf»f»-tprrnina1 ncrillni 


II not dc - 

„ is provided with a versatile three-terminal oscillator to 
’ ,i«# r lC 7 i -lock The oscillator may be overdriven, or may be operated 
derate the interna illato r. The OSCILLATOR SELECT input changes the 
* cry sta f , h( , nS cillator to optimize it for RC or crystal operation. 


^ RC Oration of the oscillator to optimize it 1 -.- 

0 gA confl ViL LATOR SELECT input is high or left open, the input is provided 
‘ 0 etttheOSL oscillator is configured for RC operation, and the internal 

»,ihaP ul| - u P re f S ! S he same frequency and phase as the signal at the BUFFERED 
*ck w 11 h® ° n , !TPU t. The resistor and capacitor should be connected as in Fig. 
0 SC 1 LLAT QSC jij ate at a frequency given by/= 0.45/RC. A 100 kO resistor 

g 45 .Theorem ranges of frequency. For optimum 60 Hz line rejection, 

isrecommenoe • ^ chosen suc h that 2048 clock period is close to an integral 

ihecapacitorvalu . ihen 5Q 



OSC = 45/RC 


Fig. 9.45 Oscillate at a frequency given by f = 0.45/RC 

When the OSCILLATOR SELECT input is low, a feedback device and output 
Md input capacitors are added to the oscillator. In this configuration, as shown in 
Rg.9.46, the oscillator will operate with crystals in the 1 to 50 MHz range w it no 
eternal components. Using an inexpensive 3.58 MHz 1V crystal, this tvtsion 
ra, ioprovides an integration time given by, 


T= 


(2048 clock periods) x 


58 


3.58 MHz 


= 33.18 ms 


(9.22) 


jWstime is very close to two 60 Hz periods or 33.33 ms. The erroi ' s 
Win gi,e be„e, rtJlOdB 60 Hz^jeCio,. The 
». conversion rates of op to 30 per second, which corresponds 
re quency of 245.8 kHz. 
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Fig. 9.46 Oscillator with feedback 


, f al anv lime the oscillator is to be overdriven, the over-driving signal should 
be applied at the OSCILLATOR INPUT, and the OSCILLATOR OUTPUT should 
he left open. The internal clock will be of the same frequency, duty cycle and phase 
as the input signal when the OSCILLATOR SELECT is left open. When the 
OSCILLATOR SELECT is at GND, the clock will be a factor of 58 below the 


input frequency. _ 

When using the ICL 7109 with the IM6403 UART, it is possible to use one 3.58 

MHz crystal for both devices. The BUFFERED OSCILLATOR OUTPUT of the 
ICL7109 may be used to drive the OSCILLATOR INPUT of the UART, saving 
the need for a second crystal. However, the BUFFERED OSCILLATOR OUTPUT 
does not have a great deal of drive, and when driving more than one slave device, 
an external buffering should be used. 


Test input When the TEST input is taken to a level halfway between V + and 
GND, the counter output latches are enabled, allow ing the counter contents to be 
examined anytime. 

When the TEST input is connected to GND, the counter outputs are all forced 
into the high state, and the internal clock is disabled. When the input returns to the 
1/2 (V + - GND) voltage (or to V + ) and one clock is applied, all the counter outputs 
will be clocked to the low state. This allows easy testing of the counter and its outputs. 


Interfacing 

Direct mode Figure 9.47 shows some of the combinations of IC enable and byte 
enable control signals, which may be used when interfacing the ICL7109 with 
parallel data lines. The CE/LOAD input may be tied low, allowing either byte to 
be controlled by its own enable, as in Fig. 9.47(a). Figure 9.47(b) shows a 
configuration w here the tw o byte enables are connected together. In this 
configuration, the CE/LOAD serves as an IC enable, and theHBEN and LBEN 
may be connected to GND or serve as a second IC enable. The 14 data outputs will 
all be enable d simultane ously. Figure 9.47(c) shows the HBEN and LBEN as flag 

ITT CE/L0AD as a master enable, which could be the READ strobe 
available from most microprocessors. 
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(a) Direct IC mode and byte enable combinations 

fig. 9-47 

ach of interfacing several ICL7109 to a bus, ganging 
fi^ 9 - 48Sh rSi signals to several converts together, and using the 
.HBEN and LB deC oded from an address) to select the desired 

inputs (p ^ P- 



Fig. 9.48 Interfacing several ICL7109 to a bus 


Handshake mode The handshake mode allows ready interface with a wide 
variety of external devices. For instance, external latches may ecoce ? 

the edge ofCE/ LOAD and the byte enables may be used as byte i enti tea 

fogsoras load enables. • 

Figure 9.49 shows a handshake interface to intel microprocessors, again u 
^8255 PPL The handshake operation with the 8255 iscontrollc y * nv . 

hpui Buffer Fu ll (1BF) flag to drive the SEND input to the ICL 7109, c 

^ CE/LOAD to drive the 8255 strobe. The internal control register of t e 
J°“ ld be set in MODE 1 for the port used. If the 7109 is in handsha e mot e 
Z 255 IB Fflag is low, the next word will be strobe into the portstfobe w.^ 
^IBFtogohigh (SEND goes low), which will keep the enable y . P^ 
dJU he PP1 wil1 generate an interrupt which when executed wi ^ ^ 


dank 1 WlH generate an interrupt whicn wncu v— reuses the 

tllino ^ w ** en Ihe byte is read, Ihe 1BF will be reset 
I(^ 7 l t0 se quence into the next byte. This figure shows t e 
connected to a control line on the PPI- 
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Fig. 9.49 Handshake interface to Intel microprocessors 


9.7 DAC 0808 (8 -BIT DAC) __ 

Features 

1 . Relative accuracy: ±19% error maximum 

2. Full-scale current match: ±1 LB typ. 

3. Fast settling time: 150 ns typ. 

4. Non-inverting inputs are TTL and CMOS compatible 

5. High speed multiplying input slew rate: 8 mA/ms 

6. Power supply voltage range: ±4.5 V to ±18 V 

7. Low power consumption: 33 mW @ ± 5 V 

Functional block diagram of DAC 0808 

The block diagram of DAC 0808 is shown in Fig. 9.50 and its pin configuration is 
shown in Fig. 9.51. 
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F| g. 9.50 Block diagram Of DAC 


0808 


#C 0 u'P ul , 005 , assure 8 -bit monotomcity and linearity, while zero level 
tH* than ' (hall 4 niA provides 8-bit zero accuracy for / REF > 2 mA. The 
^ i. u ri* ntof ( S of the DAC 0808 series are independent of bit codes, and 
/ sU pply ‘instant device characteristics over the entire supply voltage 

j# Dual-in-line package 



SUMMARY 


»The digital-to-analog conversion involves translating digital information into 
equivalent analog information. 

• The value of each bit in a digital information is a function of its position. 

V 

1. The value of LSB is — 

2 " 

2. The value of second LSB is ^ 

2 n 

3. The value of Mh LSB is 2 ^~ 1 * V m 

2 " 

jhere/i is the number of bits of a digital signal and V m is the maximum amplitude. 
The out P ul analog voltage is 




^2° + V 2 1 + V 


D1 


D2 


2 2 ... V 


y 2 n '1 

O(n-l) J 


*heie v n 


2 n 


' Th^ ^ D0, ^ 01 ’ ^ D2 ’ are the digital inputs of n-bit DAC. 

n e tw or k Id A ^ tW ° ^^ es: res t stor divider DAC, and (b) R/2R ladder 


































































(a) Accuracy, (b) Resolution, (c) Lincamy, — • “ ,,u w temperature 

sensitivity. analog voltage can have any value in a range and the 

‘ only 2-v discrete values for an Mbit ADC. 

. commonly used ADCs are: (a) Parallel comparator ADC, (b) Successive 
approximation ADC. and (c) Dual slope ADC. 


EXERCISE 


Review Questions 

1. Explain the basic concepts of an ADC. 

2. Draw and explain the circuit of (a) weighted resistor DAC, and (b) R-2R ladder 
DAC. 

3. Define the following terms of DAC. 

fa) Accuracy (b) Resolution 

fc) Linearity (d) Settling time 

(e) Temperature sensitivity 

4. Write notes on 

(a) Sample-and-hold circuit (b) Quantization 

5. Draw and explain the circuit of (a) 4-bit parallel comparator ADC (b) Successive 

approximation ADC, and (c) Dual slope ADC. 

6. Calculate the values of LSB, MSB, and full-scale output for an 8-bit DAC for 
0-12V range. 

7. Find the output voltage for a 4-bit ladder, having the digital inputs 

(a) 1010 (b) 0110 (c) 1001 (d) Full-scale output 

Assume logic0=0V and logic 1 = 12 V. 


Multiple-Choice Questions 

1. Among the following, the slowest ADC is 

(a) parallel-comparator (i.e. Flash) type 

(b) successive-approximation type 

(c) integrating type 

(d) counting type 

2. The noumber of comparisons carried out in a 4-bit Flash type ADC is 
(a)l6 . (c)4 (d)4 

The maximum*”^ ' S USe<l 10 digil ' ze an anal °g signal in the 0 to 5V range, 
voltage is Peak ' ,0 ' peak n PP' e voba S e that can be allowed in the dc supply 

(a) nearly 100 mV (b) nearly 50 mV 

(c) nearly 25 mV . 

Jn . , («*) nearly 5 mV 

Z of rr ors in a para,iei c ° nversi °" w 8-bi, adc is 

(b)l6 <0255 (d)256 




(b) iu-uii wii'wiv. 

>- bi , conw— (d) 16-bit converter 

<" > ,7 bit con verter ith a i-microsec clock period and the total 

<< Th ' ADC he 
1A .version time is (b) Counting type 

^ paral1el- compara (d) Successive-approximation type 

integrating ‘W* (yp£ aDC provides 
, Dual sloP e ,n,e ® as comp ared to all other types of ADCs 
(f^Td accuracy without putting extreme requirement on component 

(e) P°° r rejeCt H t iLlonTpared h to m all other types of ADCs for the same number 

( d) Better resolution 

° f b ' tS • u,*A resistor DAC, the resistor value corresponding to LSB is 
, In vo^The resistor value corresponding to MSB will be 

32 kO. The resist ^ (c)8K (d)4K 

10 T|w resolution of a 12-bit DAC using a binary ladder with 10 V as the full- 

(142 44 mV (b) 3.50 mV (c) 4.32 mV (d) 5.12 mV 

„ ad AC uses a ladder of 10 V full-scale output. The number of bus requ.red of 
' its input for a resolution of 5 mV will be 

(a) 7 (b) 8 (0 15 (0 16 

12. For successive approximation with N output bits, the number of clocks required 

(a) /V + 2 or N (b)2V+l (O 2 N (d)2*-l 

13. Which of the following is a D/A conversion technique? 

(a) Successive approximation (b) Weighted resistor 

(c) Dual slope technique (d) Single slope technique 
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Chapter Outline 

• Study of memory organization 

• Classification of semiconductor memory 

• Characteristics of memory devices _ 


10.1 INT RODUCTION 

Memory is an important part of computers and other microprocessor-based systems. 
The data to be processed by a program as well as the code of the program are stored 
in memory. Hence, these systems require memory facilities to store permanent as 
well as temporary data and code. The speed of a system is not only a function of 
microprocessor speed but also a function of how efficient the memories are. Hence, 
high-speed memories are used in systems. 

Traditionally, punch cards and magnetic tapes were used to store data. These 
devices have low speed, less storage density, and bulky circuits. At present, digital 
technology has progressed remarkably from vacuum-tube to integrated circuits 
and from magnetic tape to semiconducting memories. Semiconducting memory, 
on the other hand, is very compact, can be accessed at very high speeds, and it has 
high storage density. 

Memory is classified into two types, main memory and secondary memory\ The 
mam memory is further classified as read only memory and read-write memory. 

1 his chapter includes the study of memory organization and operations, and the 
characteristics and classifications of memories 


10.2 MEMORY ORGANIZATION 


Mdl°l? is S a a |so°referrH VICe ' Semiconducl °r memories store the data in terms of 0 
a set of registers forms ^ * memory cel1 ' A £ rou P of cells forms the register and 
which can^be recognized ^ lemor ^ .^ ach register in a memory is a storage location, 
^e re gist e ris a groupoffijplp S Qp^L^ dres ^ unn ^ read and write operations, 
of flip-flops or cells contained in n , - Zeofthere S lsten s nothing but the number 
Most memory JCs have eight ^ ,e ^ ,sler * w htch define the size of the words. 

- - where n is an integer. C ^ S ln cac ^ re ^ ster and the number of registers is 



The memory hasA/xN memory cells, A ;I _! to A 0 are the address lines, D n _i to D 0 
are the data lines, and RD, WR are the control signals. The data lines are used to 
read or write the 7V-bits of data simultaneously. For example, a 1 Kx8 memory 1C has 
1024x8 = 8192 basic cells, 10 address lines A 9 to A 0 , and 8 data lines D 7 to D 0 . 

A memory IC has RD and WR control signals. The RD control signal enables 
the output buffer and data from the selected memory location load onto output 
data lines. The WR control signal enables the input buffer and data trom the input 
data lines load onto selected memory locations. Most of the memory ICs have a 
common data bus for input and output, as shown in Fig. 10.1. When this control 
signal goes low, the input buffer is enabled and the data from the data lines load 
onto selected memory locations. When the control signal goes high, the output 
buffer is enabled and the data from the selected memory location load onto data 
lines. 


FUNCTI ONAL d iag ram of me mory 

Memory unit is a collection of storage cells with associated circuits needed to 
nster data in and out of the device. The data is stored in memory in terms ot 
6 P s of binary bits called words. In a computer system, the microprocessot n-ac s 


























































or writes ire address Dus, 

read/wnteopera^ signa|s Figure 10.2 
shows the functional diagram of a memory. 

Address buTmcans a set of lines used .0 load 
A 7 o nf i soecific location. Each 
locadon is assigned an identification number, 
called an address. Each location has a unique 

address, hence the nutnber of address lmes 

required to address (or select) one ot the 
locations is based on the capacity of a memory 
unit. The capacity of a memory unit is the total 
number of bytes that can be stored. For an 
A/xA- memorv. n address lines arc required to 
address one location at a time, t.e. M = 2 , 

(A„ i to /»„>• The memor y size and ,he 
number of address lines required to enable 
one of the locations for read or write operation 
is given in Table 10.1. 


Data/ 1 -N 

lines n /L 
Fig. 10.2 Functional diagram of 
memory 


Table 10.1 Memory size and 
number of address lines 


Number of 
locations(AZ) 

Number of 
address lines(n) 

IK 

10 

2K 

11 

4K 

12 

8K 

13 

16K 

14 

32K 

15 

64K 

16 


IK =1024 locations 



Data lines 

Data bus means a set of lines used to carry the data. The size of data bus, i.e. the 
numberof data lines, is same as that of the word size. For an MxN memory, W-input 
lines are required to write the data, and N-output lines are required to read the data. 
Most of the memory ICs have a bidirectional single data bus, which is capable to 
load/write as well as read the data to or from the memory cells. Most of the ICs 
have eight data lines, which is collectively referred to as the data bus. 


Chip select signal (CS) 

It is an active low input signal. When this signal is connected to ground, the chip is 
selected (enable) and read/write operation is allowed, otherwise the chip is disabled. 

Read and mite signals (RD and WR) 

These are active low input signals. When RD goes low, the output buffer is enabled 
and the data of selected location gets loaded on the data bus. When WR goes low, 
the data on the data bus is loaded onto the selected location. Some memory ICs 
have single control input R/ W. It is low to write the data and high to read the data. 


10.4 memory OPERATIONS 

organization organization °f a 16x8 memory chip. This memory 

lines, eight data lines 003110 ™.’ ? Ch ° fwhich stores 8 data bits. It has four address 
signals." ’ an aC, ' Ve ow chip select s 'gnal, and active low R/W control 



TfcwOeopNMion is nothing ^ 

BAj^hichistoodSby'the decoder to enable the memory localionand the data 

Is loaded by the microprocessor over the dataUnes. The CSand WR signal s go 
low.andRD signal is high. Since WR islow.CS is low and RD « h igh, the output 
of gate G, is high, input buffer is enabled and the data wh.ch is P r ^ e nton the data 
lines is loaded into the selected memory location. For write operation, the following 
sequence of operations has to be performed: 

(a) The address of a desired memory location is loaded on address lines first. 

(b) The chip select signal goes low. 

(c) The word to be stored is loaded on data input lines. 

(d) Write command signal is applied to the write control input terminal 
(WR = (). rd = n. and the data is written at that memory location. 


The memory write cycle is shown in Fig. 10.4. 

Write cycle time (f wc ) It is the minimum amount of time for which the valid 
address is present for writing the data in memory location. It is in the or er o 


Write P^se time (f w ) It is the minimum duration of the write pulse. It is in the 
0r< fer of 120 ns. 











































Address 

v/ Valid Address 


^ _ __ 

H - 1 WR - *j 

CS -- 

—""k 

_ X i 

0 

___ t w . -►! 

WR 1 

— X 

X i 

0 


RD I- 


*DW h -'oh-•*{ 



i V*' ' 

inpiit f j j j 


Fig. 10.4 Memory write cycle 


Write Release Time (t m ) It is the minimum amount of time for which the address 
is valid before the write pulse. 

Data setup time (t DW ) It is the minimum amount of time for which the data is 
valid before the write pulse ends. It is in the order of 120 ns. 

Data hold time (t DH ) It is the minimum amount of time for which the data is 
valid after the write pulse ends. 


Read operation 


The read operation is nothing but reading the data from a selected memory location. 
During the read operation, the address of a location is loaded on address lines j4 0 to 
A 3 , which is decoded by the decoder to enable the memory location. The CS and 
RD signals go low, and WR signal is high. Since WR signal is high, CS is low 
and RD is low, the output of gate G 2 is high, output buffer is enabled and the data 
from the selected memory location will be loaded on data lines. For read operation, 
the following sequence of operations has to be performed: 

(a) The address of the desired memory location is loaded on address lines. 

(b) The chip select signal goes low. 

(c) Read command signal is applied to the read control input terminal 
(WR _ 1, RD = 0), and the data is loaded on data lines. 

The memory read cycle is shown in Fig. 10.5. 


addrl^f 11 is the minimum amount of time for which the valid 

sks d “ *■ ■—> - si “™ •" *• 


It is the maximum mW f r .'" t * u ‘ redt0 access the data from a memory location. 

availability of valid data atthe ! f ^ ° f va,ld address of the read cycle to the 
of 200 ns. d data at the data outputs, as shown in Fig. 10.5. It is in theorder 


Fig. 10.5 


Memory read cycle 


.. timp (f„nv) It is the minimum time required to enable 
Read ,0 u ®^ r a a fler the beginning of the read pulse. It is in the order of 20 ns. 

lhe0Ut|,Ul , U , valid time (f RD ) Itisthemaximumdelaytimebetweenthestart 

readme and the availability of valid data at the data outputs. It is in the 

order of 70 ns. 


of 70 ns. 

IC select to output active time (fex) It is the maximum time delay between 
the start of IC select signal and the output buffer coming to active state. It is in the 


order of 20 ns. 


Output tristate from read (f TO TD) It is the maximum time delay between the 
end of read pulse and the output buffers going to tristate. It is in the order of 60 ns. 

Data hold time (f OHA ) It is the minimum time for which the valid data is available 
at the data output after the address ends. It is in the order of 50 ns. 


JMJ XPANDING memory SIZE _ _ _ 

The required memory capacity is based on the application and the type of 
Microprocessor. For example, 8085 can access 64K x 8,8086 can access l M x 1 6, 
an dsoon. In many applications, a single available memory IC cannot satisfy the 
^ quired memory capacity. Word size or the number of locations or both may not 
Sufficient. In such applications, by connecting several ICs in series and/oi 
a e l we can expand the size of memory. 










































10.5.1 Expanding vv° ru 

of word size of memory is more than the word size of avai lable 
When die requireni ^ ^ , oexpand the word size. The word size of memor 

memory ICs. he . tw00 r more ICs in parallel, 

can be expan e ^ ^ gf word siz e is N„ and the word size of available 

,r< is N which is less than the requirement. The required number of 
rruoeetdie desired size is N„/N A . The connections of address lines, control 
signaf/and data lines to get the expanded word size are: 

(a) The corresponding address lines of each 1C are connected together. 

(b) The RD. WR, and CS are also connected together. 

(c) The data lines of each IC are connected separately with the data bus to get 
the desired expanded word size. 

Suppose the desired size of memory is IK x 8 bits and the avai lable IC of memory 
size is IK x4 bits. The required word size of memory /V# = 8 bits, and the word size 
of available memory is N A = 4 bits, which is less than the required word size of 
memory. To get the desired size, the required number of ICs is N R /N A = 8/4 = 2. 
Figure 10.6 shows a I Kx 8 memory using two I Kx4 ICs. 

A !Kx4 memory has 10 address lines (M=l K=I024=2 10 ), A 9 toA 0 , and four 
data lines, £>3 to D 0 . 


(a) The corresponding address lines of ICs are connected together, i.e. A 9 -A Q 
of IC, and A 9 -A () of IC 2 are connected together. 

(b) The RD, WR, and CS are also connected together. 

(c) The data lines of IC, are connected to to £)„ data lines of a system bus and 
the data lines of IC 2 are connected to £> 7 to D 4 data lines of a system bus to 
get the desired expanded size of words. 


An 


RD- 

WR- 

CS~ 


Z > 3 D 2 £>, d 0 

Aq IKx4 
IC, 


■N 

rV 


£> 3 Z ) 2 £>, £> 0 

4 IK x 4 

IC, 


F| g- 10.6 iKx 8 memory using two 1Kx4 ICs 


f V" Memory- f ^ capacity is M K and me wora capacuy 

the requirement. The required 
/V^. which >> The connection: 


01 avauaoie 
required number of 


iS l6SS / J The connections of address lines, control 
lines to 5 „_ur ^ 


S desire^ ize 


/j!* e 

^ponding 
' ; ,lhe^ nd WRsig na l sare 


address lines of each 1C are connected together. 

3 s are also connected together. 

. „ rD anu "' j ,, lines of all ICs are connected together. 

1 corresP° ndi,,8 jj are gcnerat ed using a decoder, and separate chip select 

. H,echiP seleCt H, S 0 select individual chips. 

I 11 ’ s ignals ar e used is 2 Kx8 bits and the available memory 

the desired size o JL ity of memory, M R = 2K, and the word 

SUP fKx8bits- The requi w hich is less than the required word 

^avai'ftble^.^ the required number of ICs is: 

Jii- To f‘ th 2 e p i ure ,0.7 shows a 2Kx8 memory using two 1 Kx8 ICs. 
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-N 
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IKx 8 
IC 2 


Fis. 10.7 9Kxft momorv usina two 1Kx8 ICs 


A 1Kx 8 memory IC has 10 (1024 = 2”, n =10) address lines, A 0 - A 9 , and eight 
data lines, D 7 to D 0 . 

^ The corresponding eight data lines, D 7 —Dq of ICj and D 7 -Dq of IC 2 , arc 
connected to get the common data lines D 7 -D 0 . 

() The RD, WR of IC t and IC 2 are connected to get the common RD and 
^ control signals. 









































































connected togeuici * . ,. , 

(d) Address lineA,, is directly connected o the ch,p select signal of I C|> after 
the inverter is connected to the ch.p select signal of IC 2 . 

When address line/ 1 ,„goes low. 1C, is enabled and IC 2 is disabled, the address 
of 1C, is 000 . 00000.0000 to 011,1111.1111. When 4 I0 is 1.1C, is disabled 
and IC is enabled, the address range of IC 2 is 100.0000,0000 to 1 1 |J 11 , j, * 
and the address range of 2 Kx 8 bits memory is 000 . 0000,0000 to 111 , 1 J 11 , 11 j, 


10.5.3 Expanding Word Size and Word Capacity 

The word size of memory is increased by connecting two or more ICs in parallel 
and the word capacity is increased by connecting two or more ICs in series. 

Suppose the desired memory size is 2Kx8 bits and the available memory chip i s 
1 Kx4 bits. To construct a 2Kx8 bit memory, two ICs of 1 Kx4 size are connected 
in parallel or two ICs of 1 Kx 8 size are connected in series. Hence, a 2Kx8 memory 
is obtained by using four 1 Kx4 memory chips, as shown in Fig. 1 0.8. 



four has 10 address ,ines (m= i,k=i 024=21 ,ox ** i ° ^ and 

(a) The four data lines of IC ...air 

system bus and the four !k, r connec,ed t0 D 3~ D o data lines of the 
d a.a lines of the syst^ bus " ' meS ° f IC * and IC < are connected to D 7 -D A 




'^ineA.o '^disconnected to the chip select signal of IC 3 and IC 4 . 


Berthe in verte ' ' , ow> 1C| and 1C 2 are enabled. 1C, and 1C 4 are 
3 ..ddress lin e A to 8 ^ as t0 D(h an d D, to D 0 data lines of IC 2 act 

" v "n e to0o datalineS ° ' 

iub |ed 'n data l' nes ' 4 goes high. IC, and IC 2 are disabled, IC 3 and IC 4 are 
actas ° 3 10 D °’ and ° 3 to D ° data linesof IC4 acl 


aft" 


ft* 




3ta a 7 «x 8 bit memory chip using 2Kx4 chips. 

I f Design 3 


i tion is 2 Kx 8 bits and the available memory size 2Kx4 bits, 

jjdesired 0 f memory is M R = 2K and the word size of memory 

capacity of avatlable memory ICs ,s M,=2K and the word 
v.=8bits- The woi i ^ . o w = A bifs The reau ired word size of memory is 


I bits- The wor ^ _ 4 feits The requ ired word size of memory is 

lVailab woSeof the available memory ICs. There is need to expand the 


Havana- ^ available memo ry ICs. 1 here ts neea to expano me 

cote than the wo ^ ired numbe r of ICs to get the desired size is N R I N A = 

.Mdsizeotmem ^ 2Kx8 bit me mory using two 2Kx4 chips. 
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fig. 10.9 2Kx8 bit memory using two 2Kx4 chips 
^linefo' 1 memory has 11 ddress lines (M = 2K = 2 U ), A, 0 to A 0 , and four 

^ e corresponding address lines of the two ICs are connected together, i.e. 
10 and A 10 -A 0 of IC 2 are connected together. 
















































































































data 
w ord size. 


— Zjjfi anc j CS are connected together. 

(b) The R • j jc, a re connected to D$ to Dq and D 7 to D 4 

(c) The data lines o i ‘ ^ to get the desired expanded word s 

lines or a system uu , r 

[xample 10.2 Design a 4Kx8 memory chip using 2Kx8 chips. 

S ! ),U ! i ° n i dre of memory is 4Kx8 bits and the available memory size 2Kx8 bits. 
The desired s W 0 f memory is M R = 4K and the word size of memory 

Th " re g U |la s The word capacity of available memory ICs is A f A = 2K and the word 
, .m- memory ICs is Af, = 8 bits. The required word capacity of memory 

Sl mo’ret'tan the word capacity of available memory ICs. There is need to expand 
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Fig. 10.10 4Kx8 bit memory using two 2Kx8 Chips 

A 2Kx8 bit memory has 11 (2K = 2", n = 11) address lines, A, 0 -A 0 , and eight 
data lines, D 1 to D 0 . 

(a) The corresponding eight data lines of IQ and IC 2 ( D 7 to D 0 ) are connected 
together to get the common data lines. 

(b) RD, WR of IC, and IC 2 are connected to get the common control signals. 

(c) The corresponding eleven address lines of IC, and IC 2 (A l0 to A 0 ) are 
connected together to get the common address lines. 

(d) Address line is directly connected to CS of IC,, after the inverter is 
connected to CS ofIC 2 . 

ranee of ir^mm *° W ’ ^ IS ena ^^ ec ^ an d IC 2 is disabled, the address 

S iCmS-’T '" 001 1 • 1" I Whin address line d,, goes 
t° 1111,111, JU 1 , ^ nabled ’ tie address range of IC 2 is 1000,0000,0000 
t0 lllljllijuj n ea dress range of 2Kx8bit memory is 0000 , 0000,0000 




Qyletn ^ me comparative behaviours oi vuiuu> 

Let os study d * c P s of mem ory devices such as storage capacity, 

jg, and ^performance of storage, and physical characteristics. 

’ »aP 3citY ntion of the size of memory. The capacity of memory 

^ , 0 acityi sarepreS n e f the numb cr of words orbytes. For 1 Kx8 bit memory. 


.^‘Ih in terms 

$‘C ® 4 > 8 “ 8 ' 92 

of « ansfer w of bits read in a single read cycle or written in a single 

^fmed as the nuI " b and in , er nal memory, it is equal to the word length 
""cycle. For ®““ data bus of the processor. For external memory, it 

*fiheP I ° cess ° ad L<; referred to as the block of data. 

ijquite large a" 01 

(microprocessor) performs read or write operation with the 
Ilte external devi v different techniques used to access (read or wntc) 

^locations, mere 

ihe memory locations. 

(a) Random access 

(b) Sequential access 

(c) Direct access 

Random access In random access mode, any memory location can be accessed 
many order in the same amount of time. Semiconductor memories are the example 
of random access memories. 

Sequential access In sequential access mode, memories can be accessed in a 
predefined sequence. For example, the songs stored on a cassette can be accessed 
one by one. The time required for accessing the word depends on where the word 
is located in the memory. The first song can be accessed immediately and the last 
song requires more time. Magnetic tapes are the example of sequential access 
memories. 

Direct access Direct access mode is also referred as semi-random mode. In certain 
c ^ es ’ ^e data is accessed neither randomly nor in sequence, but something in 
tween - In this kind of access, a separate read/write head exists for a track and on 
a track, the information can be accessed serially. This semi-random mode of 
^ion exists in magnetic disks. 

^ess time 

feired f ^ ^ r ° m a va ^ reac ^ wr ^ e signal to the data available or written at the 
acepce- 0cat * on - The access time depends on the physical characteristics and the 
Cessi ng mode used for that device.^ 






























In cnme of the memories . ■ -several 

for data loss, such as destructive readout, dynamtc storage, and volatility 

^Ttereadingpr^essdestroys the stored data, which is called as destructive 
readout In such memories, the data has to be written back on the same location 
The reading process where the data is not destroyed on reading is referred to as 

non-destructive readout. 

If the data is lost due to a power failure, such a memory is known as volatile 
memory. If there is no data loss on power failure, it is known as nonvolatile memory 
RAM is volatile and magnetic tapes are non-volatile. 


Cycle time 

Cycle time is the minimum time elapsed between two successive read requests. 
For most semiconductor memories, cycle time is equal to the access time. But for 
destructive readout memories, cycle time is the addition of time required to read 
the data and the time required to write the data back in the same memory location, 
as the previous value has been destroyed by reading. 

Data transferrate 

Data transfer rate is the amount of data that can be transferred in or out of the memoir 
in a second. It is also known as the bandwidth of memory. It is measured in bits per 
second. The maximum number of bits that can be transferred in a second depends 
on how many bits can be transferred in or out of the memory simultaneously and 
the speed of memory. 


Physical characteristics 

According to physical characteristics, memories are classified into four categories- 
electronic, magnetic, mechanical, and optical. The physical size of a memory also 
depends on its storage density. Energy consumption is another key factor which 
determines the power consumption of the computer and its cooling requirements. 
Higher the power consumption, costlier will be the equipment required for internal 
cooling of the computer. 


Cost 


mZ'Zls nn, Ct0 |^ iS genera,ly expressed P er bit - The cost of the memory 

cLuit and Derinh | y eC ? S '° fmemor >' device but the cost of accessing 
circuit and peripheral essentials for the operation of the memory 


’ memories are classified as 


10 / classification OF SEMICONDUCTOR memories 

According to the principle of operations, 

• Sequential memory 

• Read and write memory 

• Read only memory 

• Content addressable memory 


> S fal access 

memories 316 classif,ed “ 

•^memory 

.umr 

M 0t« lmem ° ry ,he data can be accessed in a predefined sequence. Therefore, 
** , ia | me m ° nes ' th6 f;,,| memory varies depending on the locatton to be 
time of a se f® *L uires less time and the last location requires more 
The first loca, '°" ^8 are the examples of sequential memory. Shift 
{S^^^bA devices are the examples of sequential semiconductor 

SIT rnnsist of static and dynamic cells. In a static cell, the data is stored 
Shifters con 5 ^ ^ ^ , ong as the power is ON. In a dynamic ceU, the 

^° f v.flsofcharge, which changes with time. The charge-coupled devices 
**** 9 TL\ low cost. It is implemented using MOS technology, 
have high dens* 1 ? a 

supports both read and write operations. On the basis of physical 
3*stic S , RWM or RAM is further classified as (i) static RAM and (ii) dynamic 

RAM. 


Read only memory (ROM) 

ROM allows the user to read the data, but write permission is denied. On the basis 
of the technique used for storing data, ROM is further classified as 

• Masked ROM 

• Programmable ROM 

• Erasable Programmable ROM 

• Electrically Erasable Programmable ROM 


Content addressable memory 

a random access memory where the locations are identified by their content. 


«able or non-erasable memory Erasable memory, e.g. RAM, allows the 

onpl 0eraSe0 ^ dataanc * wr * te new data. non-erasable memory, e.g. ROM, data 
Rewritten cannot be erased. 


^contenu n . 0n ’ vo * a ^ e memory The memories are said to be volatile, where 

of voiatii* lS ° St W ^ en l ^ e P ower is switched off. Read-write memory is the example 
Rattle memories. 

Pitched off n non volatile memories retain their content even after the power 

ead only memories are the example of non-volatile memories. 



Sequential access memo r ce Therefore, the access time of a sequential 

memory In RAM. any memory location can be accessed i n 
Random access m of[jme . semiconductor memories are the example 

any oruerin ine.Ndinv. 

of random access memories. 

ninnlar memory The transistor is a bipolar device and MOS is a 
Bipolar or ump £C ® ^ |he bip0 | ar logic families and NMOS, CMOS 

punwe ihTunipolm logic families. The memory is said to be bipolar, when it is 
PMOS are the umpo, ^ RA M, ROM and PROM arc the examples of 

Sjcmemories. Thedynamic RAM. EPROM and EEROM can be fabricated 
using unipolar devices oniy and such memories are known as unipolar memories. 


10.8 READ AND WRITE MEMORY -__ 

Read and write memory is the main memory of a digital system. In read and write 
memory, data can be read or written from or into the memory with the same speed. 
These memories are also referred as Random Access Memories. The read and write 
memory is volatile and therefore, the data stored in memory will be lost, whenever 
the power is switched off. 

RAM is further classified as (i) static RAM and (ii) dynamic RAM. 


10.8.1 Static RAM 

In static RAM, the content does not change with time and the data is stored in terms 
of voltage; the flip-flop is a basic cell of static RAM. The cells are arranged in 
rows and columns. The number of rows defines the number of locations and the 
number of cells in each row (number of columns) defines the size of words. The 
cells of RAM are constructed using bipolar or MOS transistors. 

TTL RAM Cell 

TTL RAM cells are implemented by bipolar transistors. A bipolar transistor cell is 
also known as bipolar memory cell. The circuit diagram of a TTL RAM cell is 
shown in Fig. 10.11. 



T ° LOW, then the memory cell is disabled. The structure of 
U& Ks elect li° e IS > data input and data output signal is shown in 

^ X ° m0 ry cell with wn cell is logic 1. if 7 2 is in cut-off and 7, is in 

The data stored ^ ^ , g ]ogic a if T) is in cut-off and 7 2 is in 

piJO- ^'rhp data stored 


>“ 0 ° n 
> uon ' 


The data s 



Write operation For write operation, the select inputs, A x and A,,, are logic 1. 
^corresponding emitter junction of 7, and 7 2 are reverse biased. The write/ 
control input is logic 1 and the data to be written is loaded on input data line. 
k o r ^ at tbe data t0 written is logic 1. Since W/ R =1 and data input=1, 

°FF.Th Ut Gl WUl be 1 and the output of ° 2 wil1 be °’ 73 is 0N and 74 is 

voltage a^th ^ at tbe codector °f ^4 is high and diode D 2 is forward biased. The 
the reset i * codector °f ^3 is low and diode D { is reverse biased. The voltage at 
’data wiiii u Ut ^ ecomes high and T\ goes in cut-off and T\ in saturation and logic 

aw Ul be stored. 

































at the collector of 74 is . fl cu| off and r 2 in saturation and logic 0 data will' 

input becomes high ana i is * 

be stored. , . 

, For read operalion. the select inputs, A x and A r , are l og i c , 

h^nescKMiding emitter junction of 7"i and 7) are reverse biased. The write/ read 
0. The output of C, and C 2 is ., therefore r 3 and T 4 are ON; 
thediodes A and D-> arc reversed biased. According to the flip-flop state, the current 

flow! through Ed or E,r W® T < is 0N ' CUrrCn ' ^ thr ° Ugh E °’ T > is °N and 
is logic Hand data output is 1. When T 2 is ON, the current flows through 
1 T b is ON. T 5 is OFF and data output is logic 1 and data output is 0. 

MOS static RAM Cell 

Figure 10.13 shows the circuit diagram of a MOS static RAM cell. The enhancement 
MOSFETis used in static RAM cell. 



M OSFETQj and MOSFET Q 2 form the basic cross-coupled inverters. GATE 
n ^ ^ terminals of Q 3 and Q A are short circuits. Q 3 and Q 4 act as load resistors. 

05 and Q b act as switch. When selectinput A x = logic 1, Q 5 and Q 6 get ON and the 
cell is connected to Data line and data line. 


ON and th a e7actasswilch - Wflc n select input/1 logic 1, Q-, and ft get 
in the cell t a ?‘ S ™ dorwrit,en - If Q, is ON and Q 2 is OFF, then the data stored 
an i Qi is OFF and Q 2 ON, then the data stored in the cell is 1. 


is I atK^ta^vento^rnAT^f 1 ' on ’ 0 write si 8 nal is 1. select line A x is 1 andAy 

Ihc DATA line. Since write signal is 1 and A)-is l,ft and 






time is less- Le ' 


static memory is fast. 


! Cosi' s * esS ' 


contains less memory cel. per unit area, i.e. density is low. 

J ^consumption is less. 

10.8-2 access memory. Capacitor is the basic cell of 

is the high est e p jty of ram is defined by the number of cells. The cells 
i> cR fn rlws and columns. In this memory, the data is stored in terms of 
^arranged t aDac j tor These memory devices make use of an integrated 
*ctrical charge F ^ memory arrays to be constructed on a small 

t,°S capac't° r ’j c m . c RAM (D raM) has more density. The MOS capacitor 
* lid the stored charge over an extended period of time and it has to be 
°fr«hed thousands of times within a second. It requires a refreshing circuit; hence 
Ltotal cost of DRAM is high. DRAM offers reduced power consumption. 

four-transistor dynamic RAM cell 

A simple-dynamic RAM cell consists of a single MOSFET and a capacitor. It is 
shown in Fig. 10.14. In this type of cell, the MOSFET acts as a switch. 


fii 


Control # _ 

line 

Data line 
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Fig. 10.14 Simple-dynamic RAM cell 


vZZ *™ line and COntro1 line 316 high ’ the MOSFET Qi conducts, data 
linea ndcontmn ,t0r ’ ' e ' * he capacitor 8 ets charged for logic 1. When the sense 
%. Fig ure 10 |T u** *° W ' is OFF and the capacitor remains in the original 
Control signal Sh ° WS a four ‘ tran sistor dynamic RAM cell with read, write, 
s and data input and data output lines with four transistors. 

























0 , and 0 2 form the basic cross-coupled inverters. 0 3 and Q 4 act as a switch, 
which is controlled by A x . 0 5 and 0 6 act as a switch, which is controlled by the 
inputA y . 09 and 0 , o actas a switch, which is controlled by the input refresh signal 
07 and Qs are controlled by the write signal and read signal, respectively. Q 7 an d 
0 s are common for the entire cell, which are in the same column. The data is stored 
in capacitors Cj and C 2 . 


Write operation For write operation, the select inputs, A x and A y , are at logic 
1, write signal is high and the data to be written is applied to the data input line 
Since A x is logic I, A y is logic 1, and write signal is high, the MOSFETs 0 7 , 0 5 
0 3 , and 04 are ON, data input line is connected to the drain terminal of O, and pate 
terminal of 0 2 . 5 

The data, which is applied at the input, is stored in the capacitor. If it is logic 1 
aCr0SS Cl becomes bl S h ’ & is ON, the voltage across C, is 0 and Q, is 
OFF. If data,s 0, the voltage across C 2 is zero, 0 2 is OFF, the voltage across C, 

ST V Q ' iS ° N - (If V °' tage across C ' is ,ow a " d voltage across C 2 is 

andvVV TV T iS Said to be ,0 « ic 1 • 'Voltage across C, is high 
g ross 2 is low, then the data stored in the cell is said to be logic 0). 

hiph Hih I 0 " ^ orreado P crat ' o n ’ ■dy is logic 1 and Ay is logic 1,read signal is 

anLds r I r ,, ' beaVai ' ab ' e0nda ‘ a ° Ut,ine 'Since A x is logic 1, Ayis logic 1 

to the drainterminal o^^Ifthe^t ^ ^ ^ ^ outUneisconnected 

voltage a, drain terminafwill be Jotv iTsT” ^ ** ^ ^ ^ ^ 

will be 1. If the dat ,. ’ e ‘ da a out W, M ^> e 0 which means data out 

terminal will be hi?h * C ceJl IS logic 0, Q 2 will be OFF and voltage at drain 
8 ’ , e - d3,a ou ‘ wi "«« 1 which means data out will be 0. 


F°r, X are ON and the refresh cycle stans. 

Q,. Q*' an itially, voltage across C, is high and C 2 is low, Q, is ON and Q : is 
As sume m jmerval> y UD is applied to C, through Q m and &. and to 

0 p F . During Since Q\ is ON and £> 2 is OFF, the current flows through 

harged.' 

C„ andL| initia ii v voltage across C, is low and C 2 is high, Q, is OFF and Q 2 is 
"L the refresh interval. V DD is applied to C 2 through g 9 and ft, and to C 2 

ugh ftoa nd Q *- Since Ql is0FFand Ql ' S ° N ’ theCUITent n ° WS thr ° UghC * 
and C 2 is charged. 


Three-transistor dynamic memory cell 

The circuit of a three-transistor dynamic memory cell isdivided .into two.parts: 
° ■ irv cell and refresh circuit. The memory cell consists of MOSFETs 

To* Td& The refresh circuit consists of MOSFETs ft- ft 0 and ft,- Q>* 
Q1.Q2 ano Uy , () cd to read the data from the memory. Q 4 

used to write the data and Q 2 and ft are useo to as a switch , 

acts as a switch, which is controlled by lde wr,te lgn ^^ whichare controlled 

whichiscontrolledby the read signal. G7 and Qg act as switch, mory ce ii. 




























capacitor is charged and ft is ON. ana wnen me ut.ta » tog,c 0. the 
discharged to zero and ft is OFF. 

Read operation For read operation, both AyandAyarehigh, read signal i shi „ h 
,he refresh circuit is disconnected keeping P to logic 0 and the data is read at gb' 
output line. Since both A x and Ar are high and read signal is high, MOSFETs o 
ft. ft and ft are ON and data output line is connected to the drain terminal of q 
and the contents of memory is available on data out line. When the data in memory 
is logic I, ft is ON, voltage at drain terminal is low, data out is equal to zero j 7 
data out is equal to logic I .When the data in memory is zero. ft is OFF, the volta e 
at drain terminal is high, data out is high and data out is low. 

Refresh operation For refresh operation, A x is high, A r is low, P j s hj gh and 
read signal is high. Since Ay is low, ft and ft are OFF. Data input and data out 
lines are disconnected from the cells of memory. The MOSFETs ft, ft and g aj . 
ON; the complement of Cis stored in capacitor O . When voltage across the can- 
Cis high, ft is ON. the voltage at drain terminal is low, which is loaded into th* 
capacitor Cr. When voltage across the capacitor C is low, ft is OFF volt 6 
drain terminal is high and capacitor Cr will be charged. Terminal P is called 86 ^ 
charged input because when Fr is high, capacitor Cr is pre-charged to^lT 
complement of the level of the capacitor C. e 

After the pre-charging of Cr, the read signal is changed from high to low an t 
the write signal from low to high. The MOSFET ft is ON and the output of O 

which is the complement of the voltage level and capacitor Cr will be written 
capacitorC. Imeni ° 


10.8.3 Comparison Between SRAM and DRAM 

71-e comparison between static RAM and dynamic RAM is given in Table 1 0.2. 


Table 10.2 Static 

Static RAM 

FVflop i s , he basjc e)emen( ~ s(a(jc | 

’ £ ala f ored in terms of voltage I 

tJsHrKsnr- 

. dynamicSf* mem00, 

• ^SiS° rM0S ^ 

Cos, is less. ' rCU,1,Snot paired. 

L PoHer co "sum ption is i ess . 


and dynamic RAM 


Dynamic RAM 

• Capacitor is the basic element of 
dynamic RAM. 

• Data is stored in terms of electrical charge. 

• Dynamic RAM contains more memoiy 
cell per unit area, i.e. density is high. 

1 The access time is more, i.e. dynamic 
memory is slower than static RAM 
Cell is composed of MOSFETs. 
Refreshing circuit is required. 

Cost is high. 

Power consumption is more. 


6116 2Kx8 bit static RAM 

6264 8 Kx 8 bit static RAM 

62256 32Kx8 bit static RAM 

2104 4Kx 1 bit dynamic RAM 

2164 6 Kx 1 bit dynamic RAM 

4164 64Kxl bit dynamic RAM 

41256 256Kx 1 bit dynamic RAM 


10.8.5 Static RAM ICs 

In this section, we will discuss a few commonly used RAM ICs. 

IC2114 

It is a 1 Kx4 bit static RAM; total cells are 1024 x 4 = 4096. The IC uses n-channel 
silicon gate MOS transistors. It is available in a single 18-pin IC package. The pin 
configuration and the logical symbol are shown in Fig. 10.17. 
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(a) Pin configuration 

Fig. 10.17 IC 2114 —1Kx4 bit static RAM 

In Fig. 10.17. CS is active low chip snlMt input 8^^ 

thenthechipwillbeenabled.'niissigna tsaso differentiates the read ant! 

as explained in Seeiion ,0.5. WE is «, 

»„,e ope,,,ions. For The lc hls «„ addtes,.. - 

write operation, CS and wc mu 
data lines. 































































.ni. up h active low memory enaote input m.s signal g 0es 

in Fig. 10.18. ME enabled . This signal is also used to expand the size of 

low, then the memory , 05 WE is theinput signal, it differentiates the 

memory.asexptaned ^^ rcadoperat . on m mustbelow . WE mustbehjgh 

anchfor write operation. ME and WE must be low. The IC has four address lines, 
four data input lines, and four data output lines. 



Fig. 10.18 Pin configuration of IC 7489—16x4 bit static RAM 


10. 9 READ-ONLY MEMORY __ 

Read-only memory is non-volatile and therefore, retains its contents even after 
the power is switched off. Generally , a read-only memory is used to store programs 
that do not require any modification. Read-only memory is also a randomly accessed 
memory. The types of read-only memories are: Masked ROM, Programmable 
ROM, Erasable-programmable ROM, and Electrically erasable ROM. 


10 . 9.1 Masked ROM 

nrnar!^ u permanent ^ programmed during the manufacturing process. It is 

programmed > * 6 manufacturer according to the application. Once it is 
hy the des ion* ^ chan S ed ’ h ence die binary information must be specified 

SSL"“””7 uni,. Figure 10.19 shows,n 


c o.umns th ^ connec ted with the columns through the diode, where the data to 
The r° w (f the data is to be stored as ‘ 1’, then the rows and columns are not 

be stored • 

co nneCte se the data to be stored in location ‘0’ (000) is 1010, the columns 0 and 2 
SU nnected to the rows through the diode and columns 1 and 3 are not connected. 



by a 3:8 decoder. ( a ) c hip select signal goes 

For read operation, the following - , he decoder . (c) the 

low, (b) the address loaded over the address lines rf ^ row is enabled, (e) 

corresponding output of the decoder goes ow. ^ ena ble row are f 01 "'' 

diodes which are connected between the co u ^ ^ is i, The data is rea 

biased and the data on the line is 0, ot erw^ _ 

applying an active low read signal to the OE P js 01 oi. The output 
Assume the address loaded over ‘ he United between the columns 
decoder pops low. The diodes which are 















































Nowadays to manufacture masked ROMs, MOS technology is used instead of 
diodes. Figure 10.20 shows an 8x4 bit ROM using MOSFETs. Once the chip is 
manufactured, the data cannot be changed. 

This unit has eight rows and four columns (i.e. eight locations and four words) 
and a 3:8 decoder. The outputs of the decoder are active low and these outputs are 
connected to the memory cells which are arranged in rows. 

The four data lines are connected to memory cells and these are arranged in 
columns through the tristate buffer. The rows and columns are connected through 
the MOSFET, where the data to be stored as ‘O’. In case the data to be stored as ‘ 1’, 
the rows and columns are not connected. 

Suppose the data to be stored in location 1 (001) is 1010, then columns 0 and 2 
are connected to the rows, while columns 1 and 3 are disconnected from the rows. 

In Fig. 1 0.20, the unit has three address lines, A 2 ,A\, and A 0 , and inverters after 
the decoder. These address lines are decoded by a 3:8 decoder. In the circuit, 
MOSFETs are controlled by the output of the decoder and Q A , Q 3 , Q 2 , and Q 0 act 
as registers. 

For read operation, the following actions take place: (a) the address of the location 
is loaded over the address lines, (b) the select lines go high, as inverters are used 
alter the decoder, (c) MOSFETs are ON, (d) the data is read by applying an active 
low read signal. If the MOSFETs are connected between the selected rows, then 

the data on the line is 0. Else, if the MOSFETs are not connected, the data on the 
line is 1. 


Assume the address loaded over the address lines is 010. Row 2 is selected and 
mrr°- S *1 The M0SEE Ts connected to row 2 are ON and connect the 

otherwise it k^| C R Uni u S '° ground ' As a result, the data on the line will be 0, 
• °f t e circuit, the data available over the bus will be 0101- 



Application of masked ROM 

In masked ROM, information is stored during the manufacturing process. Once 
the information is written, it cannot be altered. Hence, masked ROM is used to 
store permanent information. It is used in microprocessor-based toys, computers, 
video games, and high-volume consumer products. 

10.9.2 Programmable ROM (PROM) 

PROM is a permanently programmed memory. It can be programmed electrically 
by the user but can not be reprogrammed. Hence, the binary information must be 
ready with user without error. In PROM chip, the manufacturer includes a connection 
at every intersection of the grid of address and data lines. Figure 10.21 shows an 
8x4 bit PROM before the program. 

Initially the diodes are connected between every rows and columns through the 
fusible links, therefore the initial information stored in all the location and all the 
bits are zero; i.e. at the time of fabrication, the information in memory is zero. 

The fuse material used is either nichrome or polycrystalline silicon, the fusible 
links can be melted by passing a large current through it or these fuse can be blown 
OFF by passing a large current through it. A memory link is fused open or intact to 
represent a binary number 0 or 1. The user can selectively burnout some of the 
fuses by passing enough current through them and can program the PROM according 
to the required binary information. 

If nichrome is used as the fuse material, then 20 to 50 mA current is required to 
blow OFF. The fusing time varies between 5 ps and 200 ps and the programming 
rate is 5 ms per bit. 

The information to be stored in memory is given in Table 10.3. Figures 10.2 1 (a) 
and (b) show the 8x4 bit PROM before and after the program, respectively. 
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Fuse technology used in PROM 

We studied that the fuse material used is either nichrome or polycrystalhne silicon. 

"5mm...»»d».he to.material,than 20»SO”*«*-» 

blow OFF and if polycrystalline silicon is used as the fuse material, then 20 to 30 

current is required to blow OFF. 

The third technology used for fuse is the p-n junctions technology. 1 his 
technology is also referred to as shorted junction or avalanche-induced migration. 
It consist of two p-n junctions arranged back to back. For this technology, 200 to 
300 mA current is required to shot the junction. These fuse technologies are 
irreversible. These technologies work only for diode and transistor memory devices. 
It cannot work with MOS memory devices where high current levels, required for 
the fusing process, are incompatible with impedance levels. 


PROM programming 

PROM is programmed by plugging it into a special device called PROM 
programmer. During the programming, the address is loaded over the address lines, 
which enable a selected location, and then a pulse is applied to those output lines 
where Is are to be stored. The PROM starts with all 0s; these current pulses blow 
the fuse links and create the desired bit pattern. The next address is then selected 
and the process is repeated; this is done automatically by the PROM. 


10.9.3 Erasable Programmable ROM (EPROM) 

It is a semi-permanently programmed memory. It can be erased and reprogrammed. 
The basic structure of a typical EPROM cell is shown in Fig. 10.22. 
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Fig- 


ig.T0.22 Basic structure of a typical EPROM cell 


Source 


An additional floating gate is formed within the silicon dioxide (Si0 2 ) layer. 
Th * floatinggate is disconnected and the normal gate is connected to the row decoder 
output The basic principle of operation is to accumulate charge on the gate using 
external high voltage and while erasing, illuminate it with ultraviolet light. The 
data bits are represented by the presence or absence of a stored charge. The initial 
values of EPROM cells may be all Os or all Is. 

The user can program the EPROM with a special programmer, known as EPROM 
programmer. All the contents of the memory can be erased by exposing the chip to 
ultraviolet light through its window which is available on top of the chip for a 
duration of 15 to 20 minutes, as shown in Fig. 10.23. The EPROM window should 
be covered with an opaque sticker to protect the memory from unwanted exposure 
to LTV rays. 



Fig. 10.23 EPROM 


This chip can be reprogrammed. Therefore, this memory is suitable for the 
monitorprogram in microprocessor systems. Disadvantages of this chip are that, 
we cannot erase selective information; entire information is erased because of 
traviolet light, and the process of reprogramming cannot take place with the 
memory in circuit. 


EPROM programming 

u C EPR0M - al1 the ceils of EPROM must be erased. This is 
253.7 nm for abou'on^ ^ by u,travi0,et lj ght, having a wavelength of around 
mi nutes. Once the EPROM is erased, the values in the entire 


v ' uiah voltage — ,iv involves the selection u. a —»- - 

*“ a trically Erasable Programmable ROM (EEPROM) 

10.9-4 U ec . |U1 erase the content of memory. It is also known 

. eEPR OM, the electrical sign ROM(EAPRO M).EEPROMs also use MOS 

« electrically alterable P r0 ^ a |''T E p R Q^ V Xhe data is stored as charge or no charge 

»lhenc,,..ol..gemlowa.20lo25Vcait«asedto 

So» ft. 1»"1» » fc “°" 

erasing- nu ran erase the content of the memory at the register level rather 
In EEPROM, we can erase the com has a ia , chip 

than erasing all the information. The EEPROM ^memory d t0 

erase modeby which the 

In rite msed anche program med with a device right ,n the circuit. EPROMs 


10.9.5 NVRAM 

NVRAM is a non-volatile RAM. It is a combination of a static RAM and an 
electrically erasable PROM (EEPROM) in the same chip. The EEPROM and the 
static RAM are the mirror memory structure of each other. When power is ON, it 
functions as a normal RAM. Whenever the power is switched OFF, it saves the 
stored data in the EEPROM. The entire content of the RAM can be transferred in 
parallel to the EEPROM in less than 4 ms. When the power is switched ON, the 
entire content of EEPROM is transferred back into the RAM. Thus EEPROM is 
used for temnnrarv data storage during Dower failure. 


The STORE and RECALL signals are used to store the data in EEPROM and 
transfer it back into RAM, respectively. The main advantage of NVRAM is that 
the battery backup is not required to save the working data in case of power failure. 

The important data such as time, date, monitor setting, and other configurations are 
normally stored in the CMOS static RAM or NVRAM of a computer. 










ly used ICs for ROM are 

IC number 

JIMGU -- 

Description 

7488 

32 x 8 bit ROM 

74187 

256 x 4 bit ROM 

2316 

2Kx8 bit ROM 

2332 

4Kx8 bit ROM 

2364 

8Kx8 bit ROM 

65256 

32Kx8 bit ROM 

23512 

64Kx8 bit ROM 

531000 

128Kx8 bit ROM 

74186 

64 x 8 bit PROM 

2708 

1Kx8 bit EPROM 

2716 

2Kx8 bit EPROM 

2732 

4Kx8 bit EPROM 

2764 

8Kx8 bit EPROM 

2816 

2Kx8 bit EPROM 

27128 

16Kx8 bit EPROM 

27256 

32Kx8 bit EPROM 

27512 

64Kx8 bit EPROM 

571000 

128Kx8 bit EPROM 


SUMMARY 


• It is possible to expand the word size of a memory by connecting two or more ICs 
in parallel. 

• Connecting two or more ICs in series can increase the word capacity of a memory. 

• On the basis of principle of operations, memories are classified as (a) sequential 
memories, (b) read and write memories, (c) read only memories, and (d) content 
addressable memories. 


• On the basis of physical characteristics, memories are classified as (a) erasable or 
non-erasable memories and (b) volatile or non-volatile memories. 


• On the basis of accessing mode, memories are classified as (a) sequential access 
memories and (b) random access memories. 

On the basis of fabrication technology, memories can be classified as (a) bipolar 
memories and (b) unipolar memories. 

ROM is further classified as (a) masked ROM, (b) programmable ROM, (c) erasable 
programmable ROM, and (d) electrically erasable programmable ROM. 
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Output tristate from read (t TOT i>) u 1S the maximum time 1 

of the read pulse and the output buffers going to instate. It is m the order o 

Data hold time </ 0 h\) u is the minimum time for which the valid data is avai 
at the data output after the address ends. It is in the or er o 

Random access In random access mode, any memory location am mp ] e Q f 

any order in the same amount of time. Semiconductor memories are P 

random access memories. . 

Sequential access In sequential access mode, memories can be accesse 
predefined sequence. . 

Direct access Direct access mode is also referred as semi rand °™ but some thing 
cases, the information is accessed neither randomly nor in sequ 
in between. .... 

Access time It is the time from the valid read/write signal d physical 

written at the desired location. The access time depends P 

characteristics and the accessing mode used for t at 
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Read only memory (ROM 

operation is dented. a type of RAM where the locations are identified 

Content addressable memory 

by their content. t0 be erasable, if its content can be erased and 

Erasable memory Memory * 

new data can be written. ^ volatilc in which the content of memory i s 

Volatile memory Memory^ Read -write memory is the example of volatile 
lost when the power is s 

memories. t does not change with time and the data is 

Static RAM s “‘; R e A n|p.nop is the basic cell of static RAM. 
stored in terms o ^ ^ densjty raM . Capacitor is the basic cell of dynamic 

Dynamic RAM 11 ,s 1 c 

ram. 

EXERCISE 

Review Questions 

' terms: Write Cycle 

2 - wliKpUse Time. Write Release Time. Data Set Up Time, and Data Hold 

, T ' m . rfad cvc |e waveforms and define the following terms: Read Cycle 

3 - r ccsXe y Read To Output Active Time. Read To Output Valid Time, 
IC Select To Output Valid Time. IC Select To Output Act.ve Time. Output 
Tristate From Read, and Data Hold Time. 

4. With suitable example, explain expanding .he word size and word capacity of 
the memory. 

5. Explain the classification of memory chips. 

6. Write notes on (a) sequential memory, (b) TTL bipolar RAM cell, and (c) 
dynamic RAM cell. 

7. Write notes on EEPROM and NVROM. 

8. With the help of a circuit diagram, explain the read and write operation of a 
TTL bipolar RAM cell. 

9. With the help of a circuit diagram, explain the read and write operation of a 
dynamic RAM cell. 

10. Differentiate static RAM and dynamic RAM. 

11. Explain the 16x4 masked ROM memory organization. 


Multiple-Choice Questions 

I. As compared to MOS memories, bipolar memories have 

(a) Slower access times, but are cheaper 

(b) Slower access time, and are costly 

(c) Faster access time, and are cheaper 

(d) Faster access time, and are costly 


vo, — 


3- ^ evstem will be oi 32 x8 

(d) EX-OR g ate and shlft rc ® ,ster 

1 RAM consists ot . nd 2 capacitors 

5 A dynamic KAi 2 transistors ana r 

(a) 6 transistors 2 capacitors only 

(c) 1 transistor and 1 capaci volatile memory? 

2*,.. - " Sprom <« "”*** 

(a) ROM <bl ( , | a d mic ram consists of 

7. The basic memory b) a trans i s tor 

(a) a capacitor (d) a transistor acting as a capacitor 

(c) a flip-flop 

8. RAM is 
(a) Fastest memory 
(c) Random memory 

9. A MOSRAM has 

(a) Less memory density 

2 LesTarZ lesThead dissipation, and less access time of 1 ms. 

,0 rtiyMOslnsistors arc required to implement a typica, cel, for a 
Sr^C^ve (c) One 


(b) Slowest memory 
(d) Write-only memory 
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1 . (d) 
5. (c) 
9. (d) 


Answers 


2 . (c) 
6. (b) 

10 . (c) 


3. (b) 
7. (d) 


4. (a) 
8 . (c) 
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access modes 641 
direct access 641 
random access 64 1 
sequential access 64 1 
active pull-up 17 
A DC 

584, 599. 601. 602, 603, 605 
continuous type 602 
counter type 601 
dual slope 605 
parallel comparator 599 
specifications for 607 
successive-approximation 603 
adders 202 

cany look-ahead adder 205 
full-adder 202 
half-adder 202 
parallel adder 204 
algebraic simplification 145 
alphanumeric codes 110 
AND matrix 531 
AND operation 131 
arithmetic 81,84 
Vs complement 81 
2's complement 84 
arithmetic logic unit 226 
arithmetic overflow 91 
ASCII code J 11 
ASICs 561.562 
full-custom 561 
programmable 561 
semi-custom 561 
standard cell-based 562 
ASM charts 464 
asynchronous counter 346 , 347 
modulus-M 347 
up/down 346 

aSynC 43l 440 431, 
fundamental mode 432 
pulse mode 440 
auto-zero capacitor 616 


BCD 94,96 
addition 94 
subtraction 96 
BCD adder 219 
BCD code 93,102 
4-bit 102 
607 5-bit 102 

biquinary 103 
BCD subtractor 220 
binary 78, 79 
addition 78 
division 79 
multiplication 79 
subtraction 78 
arithmetic 77 
binaiy number 68 
bits 51 

boolean algebra 129, j 33 
boolean theorems 133 
associative law 134 
commutative law 134 
distributive law 134 
branch statements 483 
conditional branch 484 
unconditional branch 484 
byte 51 


clocked S-R flip-flop 297 
clocked sequential circuit 371,375 
analysis of 37 1 
design of 375 
CMOS 3 7,38,39 
characteristics of 39 
inverter 37 
NANDgate 38 
NOR gate 39 
code 101 , 103 
2-4-2-1 101 
biquinary 103 
excess-3 103 

code conversion 106, 108 
binary-to-gray 106 
gray-to-binary 108 


error deiecuw* —- 

self-complementary 9/ 

unit distance 93 
weighted 92 

complement binary arithmetic 81 
conditional box 459 
connection operation statement 483 
conversion 

53, 54, 58, 59, 60, 63, 64, 65 
binary to decimal 53 
binary to hexadecimal 65 
binary to octal 60 
decimal to binary 54 
decimal to hexadecimal 63 
decimal to octal 58 
hexadecimal to binary 64 
hexadecimal to decimal 63 
octal to binary 59 


264, 268, 270, 271, 273, 274, 335 
BCD to excess-3 270 
BCD-to-binary 268 
binary to BCD 264 
binary-to-gray code 273 
excess-3 to BCD 271 
gray-to-binary code 274 
parallel-to-serial 335 
serial-to-parallel 335 
CPLD 551,552 
architecture 551 
family 552 
current hogging 10 
cycles 449 


basic principle of 585 

R/2R ladder network 586 590 
resistor divider 586 
specifications of 594 
data objects 511 
constant 51 1 
signal 511 
variable 511 
decision box 458 
^Morgan’s theorem 140 


diode-transiMui 1. • 

direct-coupled transistor logic 9 
don’t-care condition 178 
dynamic RAM 647, 650 

EBCDIC 111 
emitter-coupled logic 29 
encoding 598 
error-correcting codes 114 
error-detecting codes 112 
block parity codes 113 
hamming code 118 
linear block code 115 
parity codes 112 
excitation table 356, 357 
D flip-flop 357 
J-K flip-flop 356 
R-S flip-flop 356 
T flip-flop 357 

flip-flop 304,306 
characteristics of 306 
conversions 307 
edge-triggered 304 
hold-up time 306 
maximum clock frequency 306 
propagation delay 306 
set-up time 306 
excitation table 357 
flip-flops 323 
applications of 323 
bounce elimination switch 323 
counters 323 

random access memory 323 
registers 323 
FPGA 555,558 
architecture 555 
XC 4000 series 558 
Xilinx 555 

gates 137 
AND gate 137 
EX-NOR gate 137 
EX-OR gate 137 
NAND gate 137 
NOR gate 137 



gray code 106 


handshake mode 619 
hazards 450 

dynamic hazard 450. 452, 454 
essential hazard 452 
static hazard 450, 452 


I2L 32.33 
NANDgate 33 
NOR gate 33 
I2L inverter 32 
identifiers 510 
input buffer 531 
integrated circuits 1 
integrating capacitor 615 
integrating resistor 615 
interfacing 624 
direct mode 625 
handshake mode 625 
invert/non-invert matrix 532 


voiaiue ui iiuii-vuiauie 
memory cell 630 
memory size 635 
minterm 142 

modeling 493, 498, 502, 507 
behavioural 493, 502 
data flow 493, 498 
mixed style of 493, 507 
Moore circuit 369 
MOSFET logic 34 
multiplexer 241,242,244 

nibble 51 
NMOS 34,35,37 
noise margin 26 
NOT operation 132 
number system 52, 53 
binary 52 
decimal 52 
hexadecimal 52 
octal 53 


J-K flip-flop 299. 301 
master-slave 301 
Johnson counter 336 


OR matrix 532 
OR operation 131 
output buffer 533 


Karnaugh map simplification 148 

libraries 510 
lockout condition 398 
logic family 1, 2 
bipolar 2 
unipolar 2 

logical operation statement 481 
ANDing operation 482 
inversion operation 481 
ORing operation 482 

main memory 630 
maxterm 143 
Mealy circuit 370 
memory 631,632 
functional diagram 631 
operations 632 
memory 642,643 
bipolar 643 

content addressable 642 
erasable or non-erasable 643 
random access 643 
read and write 642 


PAL 539, 540, 542 
parity checker 235 
even parity 235 
odd parity 237 
parity generator 233, 239 
even parity 233 
odd parity 234 
passive pull-up 14 
phases 614 
auto-zero 614 
de-integrate 614 
signal integrate 614 
PLA 529, 530 
PLD circuits 550, 551 
bipolar 550 
CMOS 550,551 
prime implicants 185 
product of sums 142 

quantization 598 
error 598 
level 598 

Quine-McCluskey method 185 


a only memoiy 

Ssss, 

635 

readout 642 

destructive 642 
non-destructive 642 
reference capacitor 616 

reference voltage 616 
register transfer language 478 
register transfer statement 479 
rotate operation 481 
shift operation 480 

resistor-transistor logic 8 

ring counter 335 
ringing effect 19 
ripple counter 343 
ROM 652,655,657,659 
electrically erasable programmable 


secondary memory 630 
sequence detector 340, 406 
sequence generator 338, 401 
sequential circuit 293 
seven-segment code 109 
shift register 327, 329, 332, 333, 334 
bidirectional 333 
PISO 329 
P1PO 332 
SIPO 329 
SISO 327 
sink current 18 


source current 18 
standard TTL 26 
state assignment 379 
state box 457 

state diagram 371, 374, 376 
state machine 457 
state reduction 378 


statement 503, 504, bu:,, ^ 

case 504 
exit 506 
if 503 
loop 505 
next 506 
wait 506 

static RAM 644.650 
subtractor 211 

half-subtractor 211 
parallel subtractor 213 
sum of products 141, 156 
switch matrix 555 
synchronous counter 355 

T flip-flop 303 
totem-pole output 15 
transistor 3 
switch OFF 3 
switch ON 3 
transmission gates 41 
tri-state inverter 22 
tri-state logic 22 
tri-state TTL 21 
TTL 13, 27 
fast 27 

high speed 27 
low power 27 
low-power Schottky 27 
Schottky 27 
families 29 
parameters 23 
twisted ring counter 336 

unit distance code 106 
universal register 334 

VHDL 491,512 

wired-AND logic 20 
wired-OR logic 31 
word capacity 637 
word size 636 
write operation 633 
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Digital Electronics is specially designed as a textbook for undergraduate students of 
electronics, communication, computer science, and electrical and instrumentation 
engineering for an introductory course on digital electronics or digital system and 
design. The book will also be useful for students pursuing postgraduate courses in 
electronics and computer science. 

Beginning with the fundamental concepts such as logic families, number systems and 
codes, Boolean algebra and logic gates, and combinational circuits, the book moves 
on to cover the applied aspects such as sequential logic, asynchronous sequential 
circuits, algorithmic state machines, programmable logic devices, converters, and 
semiconductor memories. 

Through its lucid presentation, the book seeks to impart a thorough understanding of 
the basic concepts of digital electronics and its applications. 

Key Features 

■ Establishes a balance between the theoretical concepts of digital electronics and 
its applications 

■ Includes a large number of solved examples and numerous illustrations supporting 
the text for better understanding of complex topics 

■ Includes separate chapters on the number system, synchronous and asynchronous 
circuits, and K-maps 

■ Includes plenty of multiple choice questions and review questions for practice 

■ Provides a glossary of the important terms at the end of each chapter 

Dr G. K. Kharate is currently Principal, Matoshri College of Engineering and 
Research Centre, Nashik. A Ph D from the University of Pune, Dr Kharate has more 
than 20 years of teaching experience. He is also a fellow member of the 
Institution of Electronics and Telecommunication Engineers (IETE) and a life 
member of many other professional bodies of repute like the Indian Society for 
Technical Education (ISTE), the Institution of Engineers (India), and the Computer 
Society of India. 

Dr Kharate has also published a number of articles in national and international 
journals of repute and organized several conferences and workshops in his areas of 
research. 
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